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Foreword

The Explosive Excavation Research Office is embarked on a pro-

gram of research in topical areas critical to the ove:-a11 technology

titled "explosive excavation." Some cof these topical areas relate to the

prediction of safety-related effects. This work was funded by the Offike

of the Chief of Engineers (OCE), appropriation 96X3121, General Inves-

tigations. Effort is being expended in these areas to review all perti-.

nen, measurcd data and all current prediction methods in use, and to

mak,. an attempt to advance the state-of-the-art. This report and a

companion report, EERO TR-40, "Prediction of Ground-Shock-Induced

Airblast Overpressures for Subsurface Explosions From Peak Vertical

Spall Velocity," provide the basis for, and present improved methods of,

making airblast overpressure predictions for surface and underground

chemical and nuclear detonations. Critical review and comment are in-

vited. An additional report, EERO TR-7, in preparation, will develop

a simplified prediction system which integrates and is based on the sys-

tems presented in this report, EERO TR-39, and its companion report,

EERO TR-40.



Abstract

Airblast from buried chemical and nuclear detonations has been

under systematic investigation for two decades. There now exists a

sizable body of information c,-.Uected during field experiments conducted

over the year-. The report contaais a summary compilation of the
available data for all significant large-yield events and synthesizes these

data into an empirical prediction method.

Since the airblast from buried detonations approaches a consistentL| attenuation at the longer, ranges of interest for safety predictions, a

S~purely empirical "transmission factor" analysis based on consistent

longer range data from subsurface detonations is used. Transmission
ateuto ttelne ranges fitrs o aeypeitos

factors are established as functions of scaled depth of burst for a vari-

ety of media and types of explosives. These are used to predict both' ground-shock and gas-vent airblast from single- and row-charge detona-

tions. A new approach to predicting the close range overpressures is
also discussed. A summary of airblast from surface bursts is included.

The empirical prediction method presented is well-founded for

those types of events which have been extensively investigated. Its

chief weakness lies in the prediction of dissimilar ,vents (different

yields, explosive types, or media) for which there are insufficient data.
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Nomenclature

DOB = Depth of burst of a given experiment (in ft)

dob = Scaled depth of bu'Fst of a given experiment* (in ft!ktl/3)

f = Maximum value of transmission factor at any range for a given experi-T~ax
"ment; fmax may be the maximum value of f{Rs) justifiable on the basis5

of a best fit to t&e scaled observed overpressures, or it may be the

largest value of f for any scaled observed point,

f(R s) Transmission factor at a given scaled range; thd ratio of the scaled

overpressure at the range Rs to the standard R 1 .2 line overpressure
at that range:

APf (observed, scaled overpressure at Rs)

f AP standard Rs 1 2 line at R

n Number of charges in a row or square array

P0  = Approximate ambient pressure for a given experiment (in mbar)

AP t = True overpressure at a given range (in mbar or psi)

APs = Scaled overpressure, scaled to an ambient pressure of 1000 mbar

(in mbar) I

R. True range from surface ground zero (in ft)

R Scaled range from surface ground zero, scaled to a yield of 1.0 kt and a

pressure bf 1000 mbar (in ft/kt1/3

1.2- S2 Line The standard overpressure iine; a straight line in a log-log plot of APs
vs Rs, of the slope of Rs 1 ' 2 , passing through the point Rs = 9000 ft/ktl/3

-FPs = 25.5 mbar
S Scaled spacing between charges in a row or array

_n -- (in ft/kt 1 ' 3 )[W of a single cha-ge On .)

S = Slant range from the expioion point to a point at the ground surface (in

ft) -

SGZ = Su,-ace Ground Zero, l.ocation of the ground surface directly above shotf

point

W = Total yield of a single-charge detonation (in kt)

- x-
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EERO TECHNICAL REPORT NO. 39
A REVISED EMPIRICAL APPROACH

TO AIRBLAST PREDICTION

Section 1

J Introduction

PURPOSE particularly those in strong rock or sat-

urated media. The two pulses arise from

Airblast overpressures from the use quite different physical mechanisms.

of buried explosives for excavation pur- Ground-shock overpressure results from

poses can cause structural damage at what is called the ground-piston effect;

close-in ranges and window pane damage the rising surface of the earth mound

for a considerable distance from a deto- above the explosion point directly pulses

nation. To evaluate the safety aspects of the overlying air. This pulse travels

a proposed detonation, predictions of air- outward in all directions, transmitted

blast overpressures as a function of with the sonic velocity in air. The ampli-

range from the detonation area must be tude of the ground-shock-induced pulse is
made. It is the purpose of this report to determined by the peak vertical spall

develop and to demonstrate an empirical velocity of the rising mound. The gas-

technique for predicting airblast over- vent pulse is produced much later in the

pressures based on all currently avail- explosion history. As the mound grows

able experimental data for large-yield and finally begins to break up, the gas

events, bubble in the explosion cavity vents to the

surrounding atmosphere. Venting usu-

PRINCIPAL AIRBLAST CONSTITUENTS ally occurs at many points near the crown

of the mound. The excess pressure of the

Studies have shown that airblast from gas bubble is quickly relieved, producing

buried charges has two principal constit- a strong venting pulse. If the explosion

uents: the ground-shock-induced over- is completely contained, or if the gas

pressure 7ulse, and the gas-vent-induced bubble has dropped to ambient pressure

pulse. The larger of these two pulses before venting occurs, no gas-vent pulse

will determine the peak (maximum) air- will be observed. The gas-vent pulse will

blast overpressure, which is the damage dominate for near-surface detonations,

mechanism of interest. The gas-vant but it is quickly suppressed with increas-

pulse is always dominant at shallow depths ing depth of burial. The gas-vent pulse
of burial, but the grounu-shock pulse is is comparatively weak for nuclear detona-

often larger for deeply buried events, tions in strong dry rock, and when the
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depth of burst is selected to maximize sible to calculate transmission velocities

crater dimensions (optimum depth) the and thus distinguish air transmission

ground-shock pulse yvill usually be larger. from ground transmission. It was found
The physical mechanisms involved for that ground-transmitted pulse arrivals

nuclear detonations in media with mois- disappeared by a range of 375 ft from
ture content appreciably exceeding 1% by SGZ. This distance corresponded to 2.1

weight are somewhat more complex, crater radii, or 2.2 times the depth of

These detonations vaporize much water burst.
and produce higher pressures during the As the ground-transmitted pulse fades,

cavity history. As a result, gas-vent another early-arriving pressure increase

overpressure is usually dominant for begins to appear. This is the surface

such nuclear detonations, at least from Rayleigh-wave-induced pulse. The Ray-

the surface to optimum depth of burst. leigh wave is propagated along the sur-

face with a mean velocity slower than the

SECONDARY AIRBLAST CONSTITUENTS sonic velocity in the medium, but faster

than that in air. Its associated vertical

In addition to the primary blast wave component of ground motion also gives

constituents, there may be additional rise to an overpressure pulse. The pres-

pulses of lower amplitude. The earliest sure peaks in the Rayleigh wave train

arriving is the ground-transmiLted often attenuate more slowly than S_"2.

ground-shock-induced pulse (as opposed After the domina t ground-shock and

to the air-transmitted pulse, above), gas-vent pulses, there are characteristic

This pulse is due to the direct coupling negative excursions of ov~rpressure (i.e.,

between the vertical ground motion at a the overpressure, AP, temporarily

point and the overlying air. It is trans-

mitted with sonic velocity in the medium,

and drops off rapidly away from surfaceGu o- c l

ground zero (SGZ). The high rate of Rayleigh-wave-induced pulse

attenuation is due to the rapid decrease

of vertical ground velocity away from % Gas-vent-induced pulse

SGZ. It has been shown that the vertical Positive restoration pulse
a-

component of ground surface velocity Ambient

decreases as S"2 or faster, where S is

the true slant range from the shot point First Second
to the point on the ground surface. Obvi- ne ve negative• mphase phase

ously, the ground-transmitted pulse will 00

be observable only by the closest airblast Time

measurement gages. It cannot be clearly

identified beyond about two crater radii. Fig. 1. Tracing showing a typicalintermediate-range airblast

For example, with gage records from the overpressure pulse for a
Caroe ncerexeiet1 wlc'gaelrloton-size nuclear device at

optimum depth of burst in strong
"accurate pulse arrival times, it was pos- dry rock.

-2-



!I
decreases below ambient pressure). These to ambient conditions and temporarily
negative excursions are usually smaller overshooting the ambient pressure.

in amplitude than the preceding positive All the above pulses are of smaller

pulse and longer in duration. They tend amplitude than the dominant gas-vent and

to have smooth contours without sharp ground-shock components. They are pri-

peaks. The negative excursion after the marily of academic interest and not im-I ground-shock pulse may be prematurely portant to airblast safety considerations,
terminated by the gas-vent pulse arrival, but they will often be observed on airblast

An additional positive pulse is com- overpressure tracings. Figure 1 sum-

monly observed after the last negative marizes the appearance of an overpres-

phase. This pulse is attributed to air sure tracing for a typical nuclear

rushing back to restore the atmosphere cratering event in strong dry rock.

Section 2

Rationale of the Method

PRESENT PREDICTION METHODS somewhat smaller yield. As Montan2

One way to study and to predict the has pointed out, this is a dangerous

airblast from a buried detonation is to assumption. The physical mechanisms

compare it with overpressures produced which transfer energy at the detonation

by surface or free-air detonations. Pop- 10 5 A

ular analogs for comparison have in-

cluded the IBM Problem M free-airburst Surface burst

calculation, the Kirkwood-Brinkley TNT 10

surface burst curves, and the measured

overpressure from actual surface burst - 10 -

experiments. The "transmission factor" I

or suppression factor" can be easily D
calculated by comparing airblast from a 0.

buried detonation to the surface burst

airblast at the same scaled range. The o 101 (close range)

empirical transmission factor thus deter-

' mined is a function uf explosive type,

- medium, and scaled depth of burst. It 100

may be conveniently used to predict air- Subsurface burst

blast from future detonations under sine- I-1 I._-

ilar conditions. 102 101 104

The empirical approach described Range - ft

above is predicated on the assumption Fit. 2. Comparison of airblast over-

that a subsurface burst produces exactly pressure as a function of range
for 1.0-kt surface and subsur-

the same effects as a surface burst of face detonations.
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front into an airblast overpressure pulse Both the range-dependent transmis-

differ greatly between surface and buried sion factor, f(R s), and the maximum

detonations. Facilely drawing a-direct transmission f .,'or, fmax' are derived

analogy between the two is difficult to from past experiments conducted with

justify. The overpressures produced by large-yield chemical and nuclear explo-

surface and subsurface bursts are indeed sives. The range-dependent "'11 is simi-

quite dissimilar at close ranges, as will lar to the transmission factors currently

be seen in Section 6. However, as one in use, but it is taken relative to the

moves farther away, the detonation R 1.2 standard line:

begins to look more like a simple acous- AP (overpressure, buried event)

tic point source of overpressure. Pres- f(R) = -12
sure contours assume a hemispherical APs (standard R line over-

"dome" shape and begin to follow near- pressure)

acoustic propagation. Thus, there is

some basis for comparing airblast at where all quantities are scaled to 1.0 kt

these long ranges, even though the at standard 1000-mbar pressure, and

sources are different. Figure 2 shows a where both of the APs values are at the

"comparative plot of overpressure as a same scaled range Rs . The "maximum"

function of range for a typical surface transmission fa.•tor is determined at

burst and a buried detonation, some range where the AP vs R plot has

converged on a slope of R -1. Beyond

-' REVISED EMPIRICAL PREDICTION this range, the observed overpressures
METHOD should parallel the R_ 1.2 standard line,

The revised method is a modification and the transmission factor should re-

of present prediction techniques. The main constant.

principal changes are: (1) a range- The maximum transmission factor,

de!pendent transmission factor, f(R s), fmay' is then the largest value of f(R S)

which is used for prediction of close-in which can be reasonably justified on the

airblast overpressures; (2) a maximum basis of all ebservations foi a given ex-

transmission factor, fmax' which is used perimcnt. It may be the largest f-value

-to predict airbhst uverpressures beyond indicated by a fitted line through all the

tho range at which overpressure begins observed points, or it may be the largest

to propagate at a constant attenuation f-value for any of the individual observed

rate; and (3) both transmission factors points (some of the experiments had so

are determined as ratios with respect to few measurements that a fitted line was

a standard R-1.2 line, having an attenua- not justified).

tion rate of R-.1 * 2 and passing through a The use of the standard Rs 1.2 line for
s 1/3 s

point at R = 9000 ft/kt where theoverpressure prediction has one impor-
overpressure, APs, is 25.5 mbar (all tant advantage over the use of the IBM

overpressures scaled to an ambient air Problem M curve or a surface burst

pressure of 1000 mbar). curve. When the standard R-1*2 line is
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multiplied by the fmax for a specific sit- i.e.., a function of one or more dimen-

uation and all quantities are properly sions of the system. Assumption (2) is

scaled, a new R-1.2 line will be obtained, equivalent to stating that the -f-function,

This new line will give the correct over- no matter how complex the physical proc-

pressure at the range for which f max was esses which control it, must be directly
determined. It -. ill overpredict at all related to some simple physical dimen-

closer ranges (where the true f(Rs) is sion of the system. This dimension must

smaller), and will continue to predict scale in a consistent way with yield. Any

correctly beyond the point at which fmax other geometrical parameters of the sys-

is determined if the propagated over- tem which affect the transfer of energy

pressure decays as R-1"2 must scale in the same way. The weak-

ness of this basis is r-'obably responsible

BASIS FOR REVISED PREDICTION for the few breakdor .i of empirical pre-
SMETHOD diction. In particular, gas-vent over-

Note that the use of "f" as a means of pressures for large nuclear experiments
making predictions is not founded on may prove difficult to predict through the

assumed physical similarity between sur- empirical approach. These overpres-

face bursts and buried detonations. It is sures may depend on physical parameters

an empirical factor established from ex- for which simple scaling does not apply:

perimental measurements which will gravity and overburden effects which do

produce the desired results. The use of not scale directly with yield, the time

fmax is justified as long as two assump- scale of gas bubble events, the cavity

dons hold true: (1) the AP (buried deto- size history, and probably the cavity

nation) curve becomes parallel to its pressure history (time-dependent equa-
comparison curve beyond some determin- tion of state of the gas bubble). The lat-

able scaled range; (2) the f-function is a ter parameter is also affected by medium
unique-valued function of scaled depth of moisture content and the resultant pres-

burst (dob) or some similar scaling sure boosting due to steam production.

dimension for all comparable experi- Empirical prediction of large nuclear

ments (same medium, explosive, and events is rendered even more unsatisfac-

ambient propagation conditions), tory by the paucity of data. A brief

The latter of the above two assump- examination of such events is given in

tions contains all physical, complexities Appendix A.

which an empirical approach does not Aside from this siagle shortcoming,

fully analyze. The fraction of energy the empirical method shows promise for

which finds its way into the distant shock predicting airbiast overpressures from

wave hemisphere depends on the detailed single-charge detonations. Row charges

manner in which energy transfer occurs, are discussed in Sections 7 and 8 and

Even for a given set of physical condi- Appendix B. Successful application
tions (given type of explosive charge and hinges on the answers to two questions:
medium), the transfer process may be a (1) At what scaled ranges do the AP

complicated function of event geometry; curves for buried detonations become

-5-



substantially parallel to the standard well-established at all ranges, and the

R1.2 line? and (2) Are there sufficient data points for each experiment show

data to determine the transmission fac- very little scatter. In addition, the

tors for all cases of interest? These ground-shock pulse is the initial strong

questions, are discussed in the following pulse and is dominant in most of these

paragraphs of this section. The experi- cases. For these reasons, the authors

mental data to support the discussion are consider nuclear ground-shock-induced

presented in subsequekit sections of the peak overpressures to be the best-

report. established type of measurement, and
Most large-yield experiments have thus the most accurate indicator of

overpressure tracings which extend to a intermediate-range attenuation. Since

maximum range of 2000 to 20,000 scaled these data indicate an attenuation rate of

feet (ft/kt13 )." Most of the well-observed R 1 "2 , the R;1.2 standard line was

nuclear experiments have data to at least selected for the empirical prediction

5000 scaled feet. These observations method.

form a reasonably homogeneous body of The chemical explosives data reveal a

data on which to base conclusions about less encouraging picture in regard to at-

the attenuation rate of overpressure. A tenuation rate. Several experiments3-5

log-log plot of AP vs scaled range shows are consistent with an attenuation rate of

that most of the overpressure curves R"1 *0 . In some cases, the attenuation

have become straight lines by a range of rate appears to be increasing slowly,

3000 ft/kt"1/3. The attenuation rates have even at scaled ranges r2000 to 3000
converged on a value which should be scaled feet (ft/kt"/3). A rate of R-1*2 is
valid 4t intermediate-to-long ranges. probably satisfactory at the outer limit of

For the best observed recent nuclear the measur2d points. The manner in
2 experiments, a remarkably consistent which measured points converge on a

attenuation rate of R-1'2 is found. For slope of R 1,2 is best seen in Fig. 3.

ground- shock-induced overpressures, This figure shows measured points for

this rate seems to hold true beyond a gas-vent and ground-shock overpressures,

range of 300 scaled feet (300 ft/kt1/3) compared to prediction lines (R71 , 2 atten-

The situation with gas-vent overpressures uation). The points seem to be converg-

is somewhat less clear, and the R"1.2 ing fairly well on the prediction lines, as

attenuation rate does not hold until the indicated. (Note that the figure is plotted

range exceeds 400 to 1000 ft/kt1/3. in terms of true range R, not scaled

Close-in overpressures are compara- range.)

tively small and would cause a fitted Thus, an overpressure attenuation

straight line to be too shallow (i.e., they rate of R1".2 is compatible with the best

would weight the line toward a slower available data. This rate appears rea-

attenuation rate). It is important to note sonable, as will be seen in subsequent

that the intermediate range nuclear over- sections, for observed nuclear ground-

pressure data are the best in existence- shock overpressures (beyond 300 ft/kt1 /3),3

the accuracy is high, gage calibration is nuclear gas-vent overpressures (beyond

-6-ii: -2 I



0 .,Table 1. Approximate values of standard
Buckboard 1 1/• line overpressure APs as a
(b 9 fvik"t function of scaled range Rs,A G-a vent

* Ground sck asguiing line of slope
R1'- through AP - 25.5 mbar

S Buckboard I? at Rs 9000 ft/kt1/3."• (da b 157.5 ft/kt'/)

\e Ga• vent Rs(ft/kt1 /3A- SAP 5(mbar)
1.0 A \ a Groundashokc

10 89,500
I GWs 30 24,000

\ Gas vent 80 7,400

R 100 5,650
300 510

0.1 1,1
*\ Gas vent 400 1,070

500o 816

shck600 658

1,000 357
0.01 2 , . , 3 1,500 219

102 10 104  2,000 155
Range - ft unscal'd 3,000 95.4

Fig. 3. Observed airblast overpressurea 5,000 51.6
compared to R- 1 . 2 lines, Buck- 6,000 41.5
board 11 and 12-both 20-ton
TNT detonations in basalt 8,000 29.4
(Ref. 4). 10,000 22.5

15,000 13.8

400 to 1000 ft/kt1 /) and chemical explo- 2,0 .
sive overpressures (beyond relatively

larger scaled ranges, sometimes as

great as 2000 ft/ktl/3). 9,000 25.5

By coincidence, the IBM Problem M

line also has a slope close to R"1,2 at standard line. Comparable values for the
9000 scaled feet (it does not approach an IBM Problem M curve are discussed in

R' -"1*2 slope at closer ranges because of Section 9 (surface and free-air bursts)

the relatively high nonacoustic close-in and are listed in Appendix C. For a
overpressures for a free-air burst). The scaled range not given in Table 1, the
IBM Problem M curve and the standard overpressure value on the standard Ri2

line used for this prediction system are line rmy be calculated by:

"identical at a scaled range of 9000 ft/kt 1/3

both in slope (l-1 2 ) and in overpressure V2

(AP = 25.5 mbar for an ambient air pres- AP (mbar)

sure of 1000 mbar). i Ps)
Table 1 presents a tabulation of over -

pressures at various ranges for the *Table C31.
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where APN and Rsi are standard over- sures than they otherwise would. (6) The

pressure and range values at a point of ground-shock overpressures fall below

inte:- st and APs and R are standard the expected R- 1 ' 2 line inside the radius

overpressure and range values from the of appreciable mound motion. This is

table, because the more distant gages measure

Field measurements are expected to an overpressure pulse due to the corn-

deviate from 1"I 2 attenuation. Thus, bined effect of the entire rising mound,

before examining the experimental data whereas the close gages resolve only the

and applying the prediction method, some overpressure due to a small segment of

of the factors which cause attenuation to the rising mound (the local or ground-
-1.2differ from R will be discussed. Sev- transmitted pulse). The pulses from

eral nonrepeatable effects may influence other parts of the mound arrive too late

experimental airblast measurements 6 : to combine with this initial pulse. This
(1) Winds may blow towards or away decline below expected AP's occurs only

from the gage location (winds blowing at very close ranges (inside the range of

from the gage toward SGZ reduce the the ground-piston effect or range of ap-

overpressure). (2) Vertical meteorology, preciable surface motion). Normally,

such as strong temperature gradients or this region should not extend beyond %2

inversions, may influence even close-in crater radii. There is, of course, a

observations (overpressures are usually transition region between the ground-

reduced if the temperature decreases transmitted local pulse and the normal

with altitude; inversions or increasing air-transmitted ground-shock-induced
temperature may increase the overpres- pulse. (7) One additional effect is ob-
sure). (3) Gage response may be over- served only for row charges. At close

ranged or gages may be poorly '.alibrated ranges, the shock fronts from individual

at close-in distances. (4) Rounded wave charges tend to arrive at different times;

crests may tend to shock up to a rela- thus, the individual overpressure peaks

tively higher peak overpressure at long do not combine (acoustic addition) as

ranges. Other factors, mentioned in the might be expected. Peak overpressure

remainder of this paragraph, are corn- is considerably lower than would be pre-

mon to all experiments, and are system- dicted on the basis of adding the over-

atica'.ly discussed later in this paper, pressures from each individual charge in

(5) The gas-vent pulse, which usually the row. At longer ranges, however, the

originates near the crest of the mound, is time separation between peaks is less,

subject to mound shielding and diffraction and the peaks begin to merge. Finally,

down the sides o: the mound. In other the arrivals will be almost simultaneous,

wo,-ds, the close-'n gages are relatively and the row will begin to look like a point

farther from the pulse source (mound source. This effect causes a low appar-

crest), and the geometry of the situation ent attenuation rate close to the row (because
tends to direct the pulse upward, away the peaks continue to merge as range in-

from the close-in gages. Thus, these creases, gradually increasing the amount

gages "see" lower gas-vent overpres- of energy in the peak overpressure front).

-8



The peaks will ultimately attain a stable, the outer limit of available gage measure-

semi-ombined waveform, and the attenua- ments. Therefore, to compare the over-

tion rate will converge on the expected pressure from large-charge rows with

attenuation for a normal single-charge standard single-charge overpressures,
source. The overpressure peaks from the most distant gage measurements must

small-charge row experiments combine be used. Close-in overpressures might
efficiently at close ranges. However, the give a correct comparison at close ranges,

combination process may be slower and but would underpredict further out (due to
less efficient in the case of row experi- the lower attenuation rate for row charges).

ments with large or widely separated A detailed comparison of row-charge and

charges. Indeed, the overpressure peaks single-charge overpressures is discussed

achieve a stable form and airblast con- in Section 7. Row-charge predictions are

verges on normal R" 1 "2 behavior only at covered in Section 8 and Appendix B.

Section 3
Experimental Data

DATA SELECTION over the rather large differences of yield.

In order to empirically predict over- Since this is an eripirical study, it has

pressures, the results of past experi- been decided to utilize larger yields (in

ments must be analyzed. A transmission the range of interest) for determining

factor is wanted which will safely predict fmax" A comparison with Vortman's

overpressures at all ranges relative to results (Ref. 1 and others) which empha-

the R-1.2 line. Therefore, the major size small-charge experiments is also

problem concernc proper choice of data included. The section on row detonations

for the study of fmax' The range of inter- uses small-charge experiments as a mat-

est in predicting for chemical explosive ter of necessity, as they comprise much

detonations is between 1 and 1000 tons 7  of the available data. Certain dangers

For nuclear excavation, the interest inherent in the approach are pointed out

extends to several megatons but available in Section 7.

data limits the investigation to yields of

0.05 to 100 kt. The most relevant data TABULATION AND PLOTM OF DATA

obviously derive from tests in these yield

ranges. Considerable information is Part of the purpose of this report ;as to

also available from smaller chemical compile a master L:t of available data an

explosive experiments, 64 lb to 1 ton. large-yield experiments. Each e=peri-

Unfortunately, the results do not corre- ment has been scaled to a standard yield

late rell vwith large-yield shots. Small and ambient pressure for uniform com-

explosive charges frequently show non- parison with the standard Rs1-2 line.

repeata:'.e effects and differences due to Since previous investigators have scaled

small-scale local meteorology. In addi- to a yield of 1.0 kt at an ambient pressure

"tion, there are problems with nonscaling of 1000 mbar, these values will be used.

9-9

now$=



.7
The scaling equations,' derived from APs (fitted curve at RS)

Sachs energy scaling, follow: f AP (standard 1.2 line at

Scaled APb:
(units: mbHr) Normally, f-values are calculated for

Ao standard - AP 1000 several selected Rs values; each APs is
P 0 - P 0 read directly from the fitted curve. The

Swhere largest of the tabulated f-values is fmax*

The original overpressure data derive

AP = ob, erved experimental overpres- from a number of different sources, as
sure (mbar) listed in the references. Most of these

Ps d = standard ambient prcsure overpressures are final tabulated values
E'stndar 1000 mbar

given by the authors, but in some cases,
P0 observed experimental ambient early "unsmoothed" values have been

pressure (mbar), obtained fr-om
meteorological data. used. In a few instances, the original

tracings have been reduced. Several

Scaled RangeR: recent experiments have two (or more)
(units: ft/ktl/3)S measurements at each gage station.

W X /3 Either the mean values for the gages at
SR = R standard ]y each location or weighted mean values

Standard
d emphasizing the more sensitive gage or

/1.0 kt X just the value from the more sensitive

WR W X 1000) gage have been used (depending on the

relative accuracy of the varvious results).

where A few questionable values have been re-

R = true range to the observed exp~ri- jected, but only in cases where there was

mental overpressure = distance of ample reason for rejection. The .ieas-gage from SGZ (in ft).
g f(furements are tabulated in the following

Wstandard standard reference yield standard format (see Table 2 for sample
1.0 kt. table): at the top of the page, the name

W = single-charge yield of the experi- of the experiment is given, followed by
mentatl detonation (in kt).

yield (in kt or tons), explosive type,

The data reduction procedure is as fol- medium, moisture content by weight of

lows: first, the observed data points for the medium,': literature reference, depth

each experiment are tabulated. Then of burst (in ft), scaled depth of burst

these points are scaled .o a yield of 1.0 kt (ft/kt'13), ambient pressure P0 near SGZ

Sat ambient pressure = 1000 mbar. The (in mbar), and other notes of interest.

scaled values are plotted in log-log dia- *Moisture content is classified 7.s fol-

lows: Dry = rater content less than or
f s vs sequal to 3% by weight for rook or 10% for

curve is drawn through these points for soil. Wet - water content ,reater than
eT the above values. Saturated 6 more than
each experiment. The f-value at ny 90% of void space In the medium filled
scaled range may then be calculated: with water.
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Table 2. Palanquin, 4.3-kt nuclear, rhyolite, dry (Ref. 8, 9).

DOB = 280 ft dob = 172.2 ft/kt13 P"0 = 850 rbar

Observed data scaled
to 1.0 kt at

Observed data P 0 = 1000 mbar Data from fitted curve
Dis-
tance As ft R

(ft) AP (psi) Skt--') As(mbar) Skkt-3) AP,(mbar) f(Rs) f/fmax
A. Ground Shock

21 0.62-0.74a 12.2 50.3-60 20 51 0.00131 0.195

328 0.248 191 20.1 80 29.1 0.00393 0.575

705 0.087 410 7.06 100 25.1 0.00446 0.651

1575 0.0193 917 1.567 200 14.6 0.00597 0.872

3280 0.0079 1910 0.642 300 19.9 0.00656 0.96

7380 0.0053 4295 0.4305 600 4.5 0.00684 1.0

1000 2.36 0.00661 0.966

5000 0.341 0.00661 0.966

B. Gas Vent'-'

328 0.073 191 5.93 260 5.55 0.00227 0.376

705 0.0307 410 2.49 300 3.60 0.00238 0.394

1575 0.0162 917 1.315 600 1.94 0.00295 0.489

3280 0.0049 1010 0.398 1000 1.24 0.00348 0.577

7380 0.0046 4295 0.3735 2000 0.68 0.00439 0.727

5000 0.312 0.00603 1.0

aTrue ground-shock overpressure at 21 ft from SGZ; a later overpressure of 5.52 psi

was observwd at a time corresponding to an anomalous gas vent through a pipe near
SGZ.

bSuperimposed on negative phase.

The scaled depth of burst is calculated ft/ktl/3 APs in mbar). The third sec-

from: tion gives points read from a fitted line

dob DOB (in ft) through the scaled data. These fitted

(Yield W (in kt)]1/ 3  points are read off at even scaled ranges
for convenience. The value of f(Rs) at

The table itself is divided horizontally each fitted point is listed. In a few ex-

into three sections. The first section periments, the ratio of f(Rs)/fmax is

)ists the observed (unscaled) data points: tabulated, and this ratio will be discussed

first, the distance from SGZ, which is in Section 6. Note that the ground-shock

represented by R (in ft); then, the ob- and gas-vent overpressures are listed

served overpressure AP (in mbar or psi). separately in each table.

The next section lists these data points The compilation for all large-yield

scaled to 1.0 kt at 1000 mbar (R in experiments is given in Appendix C



(Tables Cl through C30) for convenient values. Scooter, Table ClI, and Pre-

reference. Buried detonations, both -Sch-ner II, Table C) 2, give additional

nuclear and conventional, are listed in data from aerial high-angle g a g e s.

Tables C1 through C25. Tables C26 "'re-Schooner II also gives 0, the

through C30 include a few surface bursts angle from the vertical to the- high-

for use in surface event predictions (see angle g;ge. The row-charme experi-

Section 9). ments (Dugout, Table C5, Buggy,

For several experiments, the number Table C6, and Pre- Gondola 11,

of data points available is quite small. A Table C20, and ILI, Table C'0) have

fitted line was not considered justified in all of the usual iriffrmation, plv.3 -

some of these cases. Therefore, there conversion of f or of f-nax to equiva-

is no third section to the table; f-values lent single-charge values (see Section 7).

are calculated for the ir-lividual scaled Figures 4 to 11 show some of the

data points (not for a fitted line), and are scaled overpressure diagrams fri. i

listed in the second section of the table, which the fitted lines were derived. Fig-

Teapot ESS provides an example of such ure 4 shows a plot of AP s vs for two

an experiment (see sample, Table 3). typical nuclear experiments. Figures 5
The largest of the data point f-values is to 11 are similar plots for nine chemical

accepted as an estimate of fmax. The explosive experiments. All diagrams

f max values thus obtained are approxi- include the fitted lines and are scaled to

mate at best, and ma3 apply only at 1.0-kt yield -it an ambient pressure of

scaled ranges close to the data point used. 1000 mbar. Figure 12 shows a typical

There are other irregularities in a plot of f(Rs) vs scaled range R., and the

few of the tables. Sulky gas-vent over- points at which 'max for ground-shock-

pressures, Table Cl, are given as a range induced and gas-vent overpressures were

of uncertainty in some of the A P and f selected.

Table 3. Teapot ESS, 1.2-kt nuclear, alluvium, d-y (Ref.10).

DOB = 67 ft dob = 63 ft/kt1 / 3  Po = 860 mbar

Observed date scaled
Observed data to 1.0 kt at P 0 = 1000 mbar

Distance 7 1ft \ W
(ft) AP (psi) SAkt- ) -AP (mbar) f(Rs)

A. Ground Shock

250 0.7 ? 224 56.2 0.0261

300 0.52 ? 268 41.7 0.0240

244B. Gas Vent

250 14.4 224 1155 0.536

300 14.1 268 1131 0.652

"400 11.3 358 907 0.740

600 6.14 537 493 0.653
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0 Palonquin ground shock
100- e Cabriolet gas vent

x Polanquin gus vent

NN' &, Cobriolet ground shock

10.0

1 .0 -

0 .1i
I ,

1 10 100 / 1000 10,000

Scaled raINfe, Rs ft/kt

Fig. 4. Palanquin and Cabriolet (nuclear) observed overpressures
(scaled to 1.0 kt at 1000 mb'ar).

100

Neor balloon7

a Gas-vent-,induced fo ,' ", -')
* Gas-vent-induced, A

high-angle aerial ...
(measured from balloon) '2

o Grounc-shdck-induced
1o Aerial

ax Gr6und-ihock-induced, me.surementshigh-ingle aerial 0

1 (me sured from balioon) 0a g0 0N 6

Ground-shock curve

fX/

I I

10 100 1000 ' ,00C,

Scaled range, Rs ft/kt!/3

Fig., 5. Pre-Schooner 11 overpressures (s~aled to 1.0 kt at 1000 mbar).
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iii
4. -4 II100Stagecoach II I ' '\ I

gas vent
Two high-angle aerial measurements (gas vent)
from Scooter

0o x Scooter gas vent

o Stagecoach III gas vent

-'-. A Stagecoach III
SI 10 S.gcac nx ground shock

E ground shock1 0 \\ X x

I Scooter gas venth I

Scaled range, s ft/kt1/3

• ,..• ~ ~Fig. 6. Stagecoachl0 ma)and Scooter experimental overpressures (scaled, to 1,0 kt at

1!00 I1000 r )"-

A -j
• ,cote ga ven A • / avn

ci vent

.0100

100 1000

_ • - Stagecoach 1[

• • ground shock I

,1.0 1.,.

100 1000 10,000 100 1000 10,000 100,000
Scaled range, Rs - ft/kt 1/ 3__5Scldrange, Rs -- ft/kt1/3 '

Fig. 7. Scooter ground-shock-induced Fig. 8. Stagecoach experimental over-
overpressures (scaled to 1.0 kt pressures (scaled to 1.0 kt at
at 1000 mbar). 1000 mbar).
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100 10

10o

-a to row
\ E

E 1.0o
10 .Perpendicular

to row

"o Buckboard 11
ground shock 0.1

x Buckboard 12 100 1000 10,000 100,000
ground shock Scaled range, Rs - ft/kt1/3

100 1000 10,000

Scaled range, Rs ft/ktl/3 Fig. 11. Dugout ground-shock overpres-
sures (scaled to 1.0 kt at
1000 mbar).

Fig. 9. Buckboard observed ground-
shock overpressures (scaled to
1.0 kt at 1000 mbar). 0.1

fmax(gas vent) 0.01027

Sfmax(ground shock) = 0.011000 lax (R) • xx_/×.__
f(R 5)- _

A Buckboard 11 gas vent 0.01 -ground _ ' .

x Buckboard 12 gas vent shock /"•

o Buckboard 13 ground shock f. /-(Rs) gas vent

0.001 Note: Data

x Ground shock presented in""0 
0 Gas vent Table C4.

O 0.0001,
10 I00 1000 10,000

10 Scaled range, R, -ft/kE"3

Fig. 12. Cabriolet ground-shock and gas-
o vent f-values as a function of Rs.

1.0
.100 1000 10,000

Scaled range, Rs s- ft/kt1/3

*i Fig. 10. Buckboard observed overpres-
sures (scaled to 1.0 kt at
1000 mbar).
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Section 4
Maximum Transmission Factor Results

In this section, the experimental sented in Tables C 1 through C25 will be

events noted in the previous section and used to develop maximum transmission

the data tabulated for each event and pre- factor values, fmax' for future event

• .0.1I • I , I I I ,i i i I ,

Chemical explosives in
basalt and rhyolite

0.05 -/

X/

0

,. 0.02 /
/ Nclear detonations

•_____i,• •/(well'-stemmed)

'A
S. 0;-1 /

0,0

2/
E-

/_-Chemical explosives and
0.005 - nuclear detonations in alluvium

0.002 -

0.00111I I __

1000 500 200 100 50 20

Scaled depth of burst, dob - ft/kt 1/ 3

Fig. 13a. Maximum transmission factor fmax vs dob for ground-shock overpressures.
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prediction purposes. The frnax will per- vidual data points used to construct the

mit safe-sided prediction of airblast lines given in Figs. 13a and 14a. Project

overpressures to be made for all ranges names in parentheses indicate a poorly

of interest if the type of explosive, me- established or uncertain value.

dium, and dob are known. Both the

ground-shock-induced and gas-vent over- GROUND-SHOCK-INDUCED AIRBLAST
pressurs mFOR NUCLEAR AND CHEMICAL
pressures may be predicted. EXPLOSIVES

The maximum transmission factors

for all large-yield experiments are plot- The nuclear frmax values in Fig. 13d

ted against dob in Figs. 13a and 14a. lie close to the JLne labeled "Nuclear

Figure 13a shows fmax for ground-shock- Detonations." The Neptune point (only one

induced overpressures and Figure 14a questionable measurement) falls appre-

depicts, ihe gas-vent values. Figures 13b, ciably above the line. Note that the

13c, and J3d and Fig. 14b show the indi- points for Danny Boy are marked as

0.1 I ' I .

- Pre-Gondola II
Pre-Goiidola III Phase I (corrected to

(corrected to single charge)" singe charge)

Dugout x

0.05 .L to row

E Buckboard 11,Dugout ' I
SII ~to row x •i

2 Dugout-. (Pre-Schooner II)

(corrected
-to single *Buckboard 12

E charge) "
S• 0.02 - VBuckboard 13

E

o 0 Basalt and rhyolite, single charge

x Basalt, row charge
0.01

A Saturated clay shale row-charge events

(Pre-Gondola)

I , , I , I lI i, , I IL

1000 500 200 100 50 20

Scaled depth of burst, dob - ft/kt 1/

Fig. 13b. Maximum transmission factor fmax vs dob for ground-shock-iinduced over-
pressures, Themical explosive events in basalt and rhyolite, and chemical
explosive events in saturated clay shale (Pre-Gondola experiments with
nitromethane).
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I I.IO.I1I I I I

0 1
Jangle HE 3

0.05 /(Stagecoach II)

U Stagecoach
II , (Teapot ESS

0.02i* nuclear)

- *Scooter
• c(

4-

E

'. E / •Stagecoach I

0

"a 0.005
Ar

0.002 0 Alluvium, all events

0.001 I , , , , , I I , ,
1000 500 200 100 50 20

Scaled depth of burst, dob - ft/kt1/3

Fig. 13c. Maximum transmission factor fma vs dob for ground-shock-induced over-
pressures (all events in alluviuw).

ranges of uncertainty in f rather than as strong dry rock (90 ft/kt1/ 3 < dob

simple fmax points. The Nuclear Detona- <300 ft/ktI/3 0.05 kt<W<50 kt). The

tions line appears to be well-established Nuclear Detonations line may well be

for predicting nuclear experiments ir, valid for nuclear detonations in alluvium
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m0-1

0.05 x Buggy 1. to row

Nuclecr

(Danny Boy) detonc,tions

Buggy
(tNeotune). II to row

4- E Schooner

Buggy (corrected to single charge)

Cabriolet
0" Sulky
' 0.01
411

1 ,] •" Palanquin
E
E

o 0.005

f. : Bosalt and rhyolite, single charge (nuclear)

x Row charge

0.002I-

• ~ ~~~~0.0011.t I I I i II

1000 500 200 100 50 20

Scaled depth of burst, dob - ft/kt1/3

Fig. 13d. Maximum transmission factor fmax vs dob for ground-shock- induced over-
pressures (nuclear events in dry high-strength rock).

as well (60 ft/kt1 /3< dob < 300 ft/ktl/) In Fig. 13c, it can be seen that the

but safer predictions for alluvium events alluvi.m chemical explosive experiments

may be obtained by using the alluvium form a consistent picture. Figure 13a
chemical explo-ve curve described shows that the fmax curve for alluvium

below. fa Is well above the line for nuclear



1.3

1.0

fma gas vent for al I
TNT chemical explosive

0.5- and wet or moist medium
nuclear detonations

0.2

x

•a
'. 0.1

.0
C

. 05

x

0.02

- gas vent for dry medium

well-stemmed nuclear detonations
smaller than 5 kt

0.01 -

f (at R, = 600 ft/kt1/3) for dry
0.00S- medium nuclear detonations

1000 500 100 50 10

Scaled depth of burst, dob - ft/kt 1/3

Fig. 14a. Maximum transmission factor fmax vs dob for gas-vent-induced over-
pressures.
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" i ~ ~~~~~ilI I I I I I lIIII i

1a Alluvium
1.3 0 Basalt and rhyolite J l

x Dugout row charge Stagecoach 11
1.0 (corrected and S

uncorrected)
V f(at R = Teapot Ess

600 ft/kt1/3)

fa m gax . vent for Buckboard 11
all TNT chemical
explosive and wet

medium nuclear
detonations

Stagecoach III

'x Schooner

DE 0.1

Buckboard 12

0Scooter - ___Sed•n

.2

I=I

.2 Dugout
SE (both values,

and 11 to row) (Pre -Schooner 11I, incomplete data)
x

SDugout
(corrected to //- for dry medium

single nuclear detonations < 5 kt
0.01 charge, 1t/600 /3

- both values, f(at R = 600 t/k )

S.andIl
to the row) -/ •,i Cabriolet

(Suljky)/f

,..-Buggy I (corrected to single

Palanquin- . . charge, all values included,
I and i to row)

(Danny Boy,
questionable)

0.001 . lIii
1000 100 10

Scaled depth of burst, dab - ft/kt1/3

Fig. 14b. Maximum transmission factor f_ vs dob for gas-vent-induced

overpressures, with observed points.
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events in high-strength rock, but the Dugout (5-charge chemical explosive row),

curve may dip rapidly at dob greater than Buggy (5-charge nuclear row), and Pre-

190 ft/kt1 3 . Below l190 ft/kt1 / 3 , the Gondola II and III (whichwillbe discussed in

alluvium chemical explosive curve may this section). The first two events are rep-

well coincide with the nuclear line. A resented by labeled points (x's) in Figs. 13b

suggested prediction curve for chemical and 13d. The higher point in each case is

explosive detonations in alluvium is the fmax perpendicular to the row (1 to

shown by the dashed line. It is probably row). The lower point is fmax off the end

a fraction high at deeper dob. As shown cf the row (11 to row). These fmax values

in Fig. 13c, only the Jangle HE-3 experi- have also been corrected back to single-

ment falls slightly above this curve. The charge values using Vortman's empirical

alluvium chemical explosives prediction correction; number of charges, n, raised

curve appears to be valid for all alluvium to a power, B (Fee Section 7). To correct

chemical explosive events with 60 ft/ktl/3 back to single-charge values, the frmax

< dob < 300 ft/ktl 3, 10 tons < W values.perpendicular to the row have been

< 1000 tons. divided by 3.085 (or 50.7); the f max val-

The basalt and rhyolite chemical explo- ues off the end of the row have been

sives points in Fig. 13b define a third line divided by 1.495 (50.25). These corrected

which lies almost a factor of two above itsingle charge" fmax values are plotted

the nuclear line for strong dry rock. i- Figs. 13b and lid as x's (directly

These higher ground-shock-induced over- below the uncorrected Dugout and Buggy

pressures are a very distinct difference row-charge values), The Dugout points

between nuclear and chemical explosives; corrected to single-charge values fall

the increased overpressures correlate very close to the strong rock chemical

well with ground surface velocity meas- explosive line, as would be expected

urements, which have been found to be (Dugout was nitromethane in basalt). The

systematically higher for chemical ex- Buggy points corrected to single-charge

plosive detonations in rock than for nu- values lie on the nuclear strong rock line.

clear detonations. 2 The higher velocities Thus, the row-charge experiments pro-

doubtless cause higher ground-shock vide further verification for the proposed

overpressures. The strong rock chemi- lines,,

cal explosive line fits all the fmax points Figure 13a has been compared with

except Pre-Schooner II, which is slightly Vortman's recent airblast data. Using

high. Pre-Schooner II was a nitrometh- Vortman's published diagrams, trans-

ane exper'nent In rhyolite. The strong mission factors similar to Fig. 13a were

rock chemical explosives curve should computed. These factors are based

prove reliable for situations where partly on small-charge data, and apply

60 ft/ktl/ 3 < dob < 300 ft/ktt/3, 10 tons only at a scaled range of Rs = 630 ft/ktI/3.

< W < 100 tons, and probably for greater The results are shown in Fig. 15, with

yields as well. ground shock f-lines represented by

Figures 13b and 13d also show the dashed lines. Again, the basalt f values

data points for four row-charge events, are higher than alluvium, and the lines

-22-
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1.0 --- nected by a vertical line) rather than as

Teapot Ess and single fmax points. The highest point in
Sedan Cas vent the range is a probable fmax value. All

Nuclear, 1ax
Alluvium) these data show a great deal of scatter,

but one fact is clear: the gas-vent fmax

0.1-Baavalues fall into two different classes. All

0 Basalt chemical explosive experiments and

0 a- onuclear moist-to-wet medium detonations
.Ga shock have very high frnax values. All the well-

•stemmed dry rock nuclear tests have very

/" // low fmax values. The clearest distinction
ImaxS0.01 between these two types of events is gas

/ production. Evidently, nuclear tests in

rock produce a rather small amount of

"Gas vent vapor, resulthng in low vent overpres-

Ground shock sures. Cheraical explosives make their

0.001 I , own super-heated gas, giving rise to
1000 100 10 strong vents. Apparently, boosting by

Scaled depth of burst, dob - ft/kt1/3 steam vaporization in the adjacent me-

dium is sufficient to bring large moist

Fig. 15. Transmission factor f at a medium nuclear detonations up near the
scaled range Rs = 630 ft/ktl/3, chemical explosives curve. It is obvious
following Vortman. 1

that several potentially complex effects

resemble Fig. 13a in form. However, are at work here, and overpressures

Vortman's lines are somewhat lower, from future nuclear detonations may be

as would be expected-his data were very sensitive to medium moisture con-

referred to a range of 630 ft/kt1,3 quite tent and other factors. Therefore, any

close to SGZ. They are not intended to prediction curves will apply only to

be true f values, identical explosives under similar condi-

tions. It is also possible that a different

GAS-VENT-INDUCED AIRBLAST type of chemical explosive could produce
FOR CHEMICAL EXPLOSIVES more vapor, giving rise to a still

The .ituation for gas-vent fmax values stronger vent. A case of this sort is

is, unfortunately, much less clear. Gas- discussed below.

vent prediction curves are plotted in A single fmax curve is drawn for all

Fig. t4a, with actual data points shown in thA chemical explosive and moist or wet

Fig. 14b. Again, uncertain experiments medium nuclear detonations. It is im-

are enclosed in parentheses. Note that portant to remember that this curve rep-

Jangle U, Teapot ESS, Schooner, Sedan, resents a near fit to points influenced by

Pre-Schooner II, Cabriolet, Sulky, a number of different factors. It is an

Palanquin, and Danny Boy are indicated approximation at best. Among the chem-

by ranges of uncertainty in f (points con- ical explosive experiments, only Jangle
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IIE-2 falls appreciably above the curve, insufficient information to determine the

This 20-ton detonation, at dob = 21 ft/ exact depth at which gas vent becomes

ktl,3 gives fmax ; 1.5 to 1.61. The negligible. Only two otatements can be

Jale U nuclear event, at dob 16 ft/ made on the basis of current information:

k /3, indicates an fmax r 1.26 to 1.28. First, for chemical explosives in strong

The latter value is considered by the rock, fmax becomes small (gas-vent

authors to be more realistic. The Pre- fmax S 0.014, or well below the Fig. 14b

Schooner II experiment appears to lie solid curve) at dob s 217 ft/kt1/3. Ground

well below the curve. However, Pre- shock is definitely dominant at dob

Schooner II (Table C12) peak gas-vent _ 217 ft/kt1 /3 (ground shock fmax s 0.02).

overpressures came from only two gages, These conclusions are baoed on Buck-

both very close to SGZ; even these two board 13 and Dugout results (comparing

values are questionable. The two f points gas-vent and ground-shock overpres-

in Fig. 14b derive from these two close- sures). Second, for TNT in alluvium,

in gages. The true fmax at long range is the gas vent is negligible and ground

believed to be much higher, probably in shock is dominant (ground-shock f

agreement with the curve-see, for % 0.0056) by dob h 295 ft/kt /3 (see

example, Buckboard 12 and Scooter, both Stagecoach I). These preliminary results

near the same dob. Their close-in f- are incorporated in Fig. 14b only in an

values are 0.0226 and 0.0338, comparable approximate way. In spite of the fact

to Pre-Schooner II. At long ranges, their that the curve in Fig. 14b is probably a

fmax values are 0.0665 and 0.0619, in little high for strong rock gas-vent over-

agreement with the curve. A true long- pressures at dob = 217 ft/kt , it will be

range fmax for Pre-Schooner II should retained for purposes of prediction. Com-

likewise lie close to the curve, paring the fitted curve in Fig. 14b to the

Thus, all chemical explosive experi- ground-shock curves (Fig. 13a), it is

ments in alluvium and strong rock define found that the ground-shock fmax curves

a single fmax curve. The curve is fairly cross the gas-vent curve at dob = 217 ft/

wfnkt1/3 (strong rock, chemical explosive)_ well- sstablished for TNT, nitromethane, /
ftkl 3  and at dob = 240 ft/ktl (llvim

anr similar explosives between 16 ft/kt1(alluvium,

<dob < 170 ft/kt1 /3 10 tons < W chemical explosive). This indicates that

< 1000 tons. It is not established for ground-shock overpressures will be

dob's between 170 ft/kt /3 and 215 ft/ktl/ 3 . dominant (and will therefore control air-

Either the solid curve or the lower blast safety predictions) at dob's greater

d•ashed curve in Fig. 14b may apply for than 217 ft/kt1/3 (strong rock) or 240 ft/

thi• region. The solid curve is recom- ktI/3 (alluvium). It is worth repeating

melded or safe predictions until further that these dob's are most likely a little

da,.a uecome avadable. It is very prob- deeper than the true crossover points, be-

at~e that gara-vent overpressures rapidly causethe as-ventfmax values in Figs. 14a

decrease elr.,w dob = 190 ft/ktI/3 at and 14b are probablypessimistic (toohigh).

-Jast for TNT and nitromethane in allu- Figure 14a can doubtless be improved

,um and- basalt. Unfortunately, there is when more data become available.
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Vortman's gas-vent f-values at Rs extend only to scaled ranges shorter than
= 630 ft/kt1/3 are shown in Fig. 15 (solid 2000 ft/kt1/3. Therefore, it is not pos-

lines). They may be compared to the sible to say with certainty whether the
fitted curve in Fig. 14a. curves have converged on R-1 2. It is

somewhat dangerous to compare basalt
EXPLOSIVE OR MEDIUM fmax values determined for these short-- , DEPENDENCE EFFECTSmaE Eranges with the better established allu-

After it has been established that the vium fmax values at longer ranges. It

curve in Fig. 14a fits reasonably well all does appear probable that the "true"

chemical explosive data, it may be asked long-range fmax values are at least as

whether there are any differences be- high or higher for basalt than for
tween explosive types or media. Detailed alluvium.

examination of f-values does reveal cer- Data were also examined to determine
tain differences between alluvium and whether any differences existed in the

basalt. At a given dob, alluvium f(Rs) is overpressures observed from TNT and

slightly greater than basalt f(Rq) at nitromethane explosives. No clear trend
close-in tanges Rs = 600 ft/ktl/3. emerges from the limited gas-vent data

Vortman observed this same effect for (cf., Pre-Schooner II nitromethane and
gas-vent overpressures at Rs = 630 ft/ktl/3 Buckboard 12 or Scooter TNT at Rs
(Fig. 15, gas-vent, solid lines). Recall 1 300 ft/ktl/3). However, the ground-

that Vortman's results also included shock f values at a given range are a

small-yield experiments. The f-values little high for Pre-Schooner II when com-
for NevdZ, a Test Site alluvium were sig- pared to Buckboard 12 basalt at any

n.fi antly hig.,,.r than those for bacalt. scaled range. It can be tentatively con-

However, if the f-values are examined at cluded that nitromethane gives slightly
er ranges, there are indications of higher ground-shock overpresebres (and

,.te opposite effect: basalt values appear ground-shock fmax values) than TNT at

larger than the alluvium. This trend is the same dob. This is the expected
best seen for f(Rs) with Rs > 1000 ft/kt1 /3, effect, since nitromethane has a some-

and for the fmax values. In other words, what higher energy yield per unit weight

the basalt Y values increase more rapidly than TNT. Hcwzever, this effect remains

with range, finally becoming greater than unverified for gas-vent overpressures.

the alluvium f values. This effect is a More data are needed.

direct result of the low overpressure One chemical explosive row-charge

attenuation rate observed for the Buck- experiment is also plotted in Fig. 14b.

board chemical explosive experiments. This is Dugout, a five-charge (nitro-

Gas-vent overpressure curves for these methane) row in basalt. Both the per-

events indicate an attenuation rate of R"1 pendicular to the row (1)and off the end of

even at rather long ranges, and do not the row (11) gas-vent fm values (uncor-

converge rapidly on R7 2. These shallow rected) fall near f 0.02. When these

curves cause the relatively high fmax val- are corrected to single-charge f-values

ues. In addition, the Buckboard results (see Table C5)% the resalts are as

-25-



follows: fmax1 to row, corrected =0.0068, f-values, as plotted in Fig. 13b, lie

and fmax 11 to row, cortected = 0.0076. almost as high as the gas-vent curvesm a.

These corrected f-values are plotted as (Fig. 14a). Those for Pre-Gondola III

a s in Fig. 14b. Both values lie well Phase I are actually a little higher. The

below the gas-vent fmax curve (and well variation of f with dob, on the other hand,

below the ground-shock fmax values for is roughly consistent with the ground-

Dugout). This experiment provides pzrt shock f-value lines. It is important to

of the evidence that gas vent is small by remember that Pre-Gondola III, Phase I

dob = 217 ft/kt1.3 at least in strong rock. was an experiment with seven 1-ton

An estimated gas-vent curve can be charges in each row, and that there may

drawn through the Dugout points (dashed have been slight airblast reinforcement

curve in Fig. 14b). This curve must be between the two adjacent seven-charge

considered very approximate, and is not rows. In addition, the Pre-Gondola II

recommended for predictions at this row used charges of varying yield. For

time. these reasons, the results are far from
ideal. Pre-Gondola overpressure meas-

PRE-GONDOLA IN CLAY SHALE urements were taken at only two or three
scaled ranges, and the data are not suffi-

The remaining row-charge data are cient to establish a definite trend for

quite unusual. They constitute the only attenuation rate (or a well-determined

overpressure data for nitromethane value of fmax}. Until further data be-

detonations in saturated clay shale. All come available, the following clay shale

the peak overpressures are ground- prediction method is recommended: For

shock-induced, but they fall above the all events in saturated weak media sim-

ground-shock curve, even as high as the ilar to the Pre-Gondola medium with

gas-vent curve. The corrected single- 200 ft/kt1/3 > dob > 170 ft/kt1/3, use

charge f-values for Pre-Gondola are fmax = 0.06 (for single-charge predictions).

plotted in Fig. 13b as individual points Modify for multiple-charge predictions

(calculated f for each measured over- as in Section 8. This procedure should

pressure) rather than as fmax values, produce pessimistic predictions at least

All points are symbolized by triangles, to scaled ranges of several thousand

The Pre-Gondola II experiment was a ftktl/3

five-charge row with a mean yield per

charge of 28 tons, and an equivalent dob GAS-VENT-INDUCED AIRBLAST

= 173 ft/kt1 /3 All of its observed FOR NUCLEAR EXPLOSIVES

f-values were corrected to single-charge Nuclear gas-vent overpressures fall

f values using n = 5 charges. The Pre- into two classes: moist or wet or soil

Gondola III Phase I experiment consisted media, and dry rock media. The moist

of two rows, each with seven 1-ton and soil media data derive from only four
cha-ý-ges; dob was 195 ft/kt 1/3 *The f-
cha-gesd w ase 195rected tokingle Tharge "Moist or wet media" is defined as

.. vaes were corrected to single charge media with moisture content appreciably

using n = 7 charges. The corrected exceeding 1% by weight.
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experiments: Jangle U (1.2-kt, alluvium), smaller than the ground-shock pulses I
Teapot ESS (1.2-kt, alluvium), Schooner (see tables for Cabriolet, Planquin,

(31-kt, rock containing a moist region), Buggy and Sulky). The range of the gas-

and Sedan (100-kt, wet alluvium). Fi*- vent f-values'and the rnax values are

ure 1,4b shows the range of measured plotted in Fig. 14b. The straight line

points (rather than fmax ) for all these fmax dry medium nuclear detonations"

experiments. They all agree roughly (labeled in Figs. 14a and 14b), represents
with the chemical explosive curve. Sedan a rough fit to these points. Note that the

points (large yield) scatter about 40% individual points scatter about this line

above thp curve, and Schooner points by a factor of 2.5. The Danny Boy point

(strong Lock with a large moist seam in is lpw becaube gas-vent overpressures

the vaporization region) lie about 32% were small and coUld only b1e observed to

below it. This agreement is remarkably a range of 587 ft/kt1/3'. Beyond this

good, but may be coincidental (+ee Appen- range, they were overwhelmed by the

dix A). Nonetheless, the chemical explo- stronger ground-shock pulse. Thus, the

sive curve is the best available means of Danny Boy point represents a close-in
predicting wet mediuin detonations, as f-value, not a true fmax value. Its dis-
long as they are reasonably similar to agreement with the line is not significant.
Sedan or Teapot alluvium or Schooner To compare trends between f-values and

moist rock. Even for similar events, it fmax' one can plot f-values at some

wiuld be prudent to allow an' added safety chosen range, since these values shci IJ

factor. Explosions in very weak wet be more consistent than tmax' All exper-
midia may produce substantially higher iments have measured overpressures
ov rpressures. With these cautionary near R 600 ft/kt1/3 Therefore, f (at

notes in mind, the chemical explosive Rs = 600 ft/ It1/3) is plotted as indicated

curve (Fig. 14a) can be used to predict by the checkmarks in Fig. 14b. A mean,

nuclear detonations in moibt media,16Vft/ line drawn to repr'esent f (at Rs = 600 ft/1
kt1/3 < dob < 160 ft/kt1/3 0.1 kt <W kt1/3) is seen to fall below the fmax line.

< 100 kt. This curve is not considered The same general trend of the line is
reliable for detonations larger than evident, but the points still scatter about

100 kt (see Appendix A). the line by a factor of 1.7.
The dry medium nuclear detonations One of the experiments plotted in

in rock form a more coherent picture. Fig. 14b, Buggy I, was a five-charge

There are only five experiments, but nuclear row in basalt. The observed

venting behavior is quite consistent. In f-values for Buggy were cor ected to
all cases,j the gas-vent pulse is super- single-charge f values using the formulae
imposed on a negativephase following the given in Table C6. Figure 14b shows the

ground-shock pulse. The ground-shock complcte range of corrected f-values,

peak overpressures are always dominant both perpendicular to and off the end of
and must be consider,.d in, safety predic- the row (uncorrected f-values for Buggy

tions. The gas-vent peakt, are still of are not shown). The checkmark indicates
interest, since they are only slightly the corrected f (at Rs 600 ft/kt1 /3)
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perpendicular to the row. The largest cor- GROUND-SHOCK AND GAS-VENT-

rected values of "f" are approximately AMMONIDUCED ANITRAT FORSALUMINIZED

f 0.0085, both perpendicular to and off (STEMMED AND UNSTEMMED

the end of the row. These values are in D TONATIONS)

good agreement with the single-charge There is one additional set o'f airblast

fmax v'lues for the other nuclear dry data which has not yet been discussed.

rock experiments. As mentioned in the chemical explosives
The nuclear dry rock lines in Fig. 14 discussion, the nea -coincidence of the

are intended for use in predicting the chemical xplosive f-curves is a result

approximate •mplitude of the gas-vent of the con -istent gas production and burn-
pulse, and otl~er information they kcontain ing characteristics of the various explo-
should not be taken toO literally. 6n par- sive materials. Ammonium nitrate

ticular, the slope of these lines- probably blasting agents curFently being used do

does not give a good' indication of the not resemble TNT and the others in these
manner in which the gas-vent pulse is respects.1 Only one set of airblast data
suppressed with dob. The measured is available for anmonium nitrate crater-
f-values represent the amplitude of a ing detonations. These data derive from

small overpressure peak superimposed a series of experiments conducted in

on tle aftereffects of a dominant ground- weak interbedded s;andstone and shale,

shock pulse. This amplitude is not accu- near Trinidad, Colorado. Airblast was
rately determined and may be grossly af- measured at ranges of a few hundred feet

fectedby the behavior of the preceding to several miles from amrronium nitrate

stronger pulse. The apparent slope of these fuel oil (ANFO) and aluminized ammo-
lines maybe more clojely relat d to the be- ni'm nitrate slurry (ANsl'urry) detona-

havior of the ground- shock pulse than to any tions. Both single -charge experiments

true gas-vent effect. The true gas-vent and simultaneous and delayed row-charge
amplitude doubtless decreases more repidly detonationswere included. Several 1-ton

with dob th n Fig. 14 would indicate. AN slurry rnear-surface bursts were also

The nuolear dry rock f lines in observed.

Fig. 14a may be used to predict gas-vent Most of the buried ANFO experirnents

overpressures for well-stemmed nuclear in this series gave sta'rtling results.
detonations in dry rock. The upper line Gas-vent overpressures vai ied widely in
"" max " predicts overpressu e at ah a manner not directly related to dob; in

ranges. The lwer line should give a one case, airblast approached that ex-

slightly better estimate of overpressure pected for a surface detonation of the

at R = 600 ft/kt1/3 For reasons stated same yield! Evidently, if ANFO vents
\in the previous p ragraph, neither of while still burning and high cavity pres-

these lines should be used outside the sure exists, huge amounts of energy may

range for which they were established: be couplqd into the blast wave. One

strong dry rock nuclear detonations witl ANFO experiment produced very low•* 15 f/kt/3< do tk1/3, n
125 ft/kt <dab < / 250 ft/kt and overpressures, similar to the observed

a ••0.05 kt < W < 5 to 10 kt. airblast for TNT and nitromethane at the

-28-



same depth. In this case, the vent appar- estimate, while the lower dashed curve

ently occurred somewhat late, and burn- is a best fit. As expected, the gas-vent

ing was complete at vent time. The airblast is more rapidly suppressed with
"slow" reaction behavior, which renders increasing dob than the ground-shock-

ANFO quite suitable for surface burst induced component. Ground-shock-

airblast experiments, causes very erratic induced airblast becomes dominant at

results when it is used in buried detona- a dob = 210 to 220 ft/kt1/3 for this

tions. Anomalous venting characteristics explosive-medium combination. Fig-

appear, and the airblast cannot be reli- ure 16 also shows that both the s-vent

ably predicted for buried applications, and ground-shock airblast excee.- that

Use of the ANFO explosive may be ques- observed for TNT in all media (Figs. 13a
tionable where surface burst airblast through 14b). The gas vent is strong

overpressures are unacceptable. This because of the exceptionally early (but
subject needs more work. Data and erratic) vent times observed for this

11
detailed discussion for the ANFO detona- explosive-medium combination. Cavity

tions may be found in Ref. 11. pressure at the early vent times is cor-

Fortunately, the venting behavior of respondingly higher than for other explo-

AN slurry is more consistent. All the sives. No immediate explanation is

close and intermediate-range airblast available for the high ground-shock-

data for each Trinidad slurry experiment induced airblast. Note that the different

are listed in Tables C22 through C24. experiments plotted in Fig. 16 show a

Results from the buried single-charge certain amount of scatter and inconsist-

AN slurry events (B-4 through B-8, B-14) ency in behavior. Shot B-7, at dob

are used to examine fmax as a function of = 226 ft/ktl13, produced an exceptionally

dob. In this case, the airblast measure- strong gas vent, stronger than shot B-6

ments are too sparse to permit accurate at a shallower depth. This case indicates

fitted overpressure curves. Therefore, erratic venting behavior for AN slurry,

an f-value is calculated for each observed similar to but less pronounced than that

overpressure (Table C22). These f-values of ANFO. Such variability may be partly

are plotted as a function of dob in Fig. 16. due to the explosive itself and partly a

The highest observed f-values for the function of inhomogeneities and local

individual experiments were found be- changes :n the medium characteristics;

tween 4000 and 21,000 ft/kt"1/3 scaled it may also be caused by the use of drill

range, a reasonable location for fmax cuttings as stemming material at Trinidad

(and inside the range of appreciable (as opposed to more restrictive stemming

meteorological effects). The fmax criteria for past chemical explosive

curves are drawn through the highest detonations). Behavior of this sort re-

observed f-points in Fig. 16. One line duces the confidence level of airblast

shows the fitted ground-shock-induced predictions based on Fig. 16.

fmax Two curves give estimates of The Trinidad data do not provide a

gas-vent-induced fmax; the higher solid definitive picture of the attenuation rate.

curve provides a high or pessimistic Most single-charge experiments are
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Fig. 16. Observed single-charge transmission factors f and fitted transmission

factor curves fmax as a function of dob for aluminized ammonium nitrateslurry detonations in sandstone and weak rock.L'b ." _ _ _ _ _- 3 0 -



consistent with a rate of If 1.2, and the f- strong winds or an inversion condition
values appear to have leveled off by nearly 3000 ft above ground level is

scaled ranges on the order of several suspected (Ref. 11).

thousand ft/kt 1/3. Thus, the fitted Shot B-15 was an unstemmed event at

curves in Fig. 16 should give valid fmax dob = 209 ft/kt/ . A shaft approximately

values for AN slurry. 1.17 ft in diameter (or 12 ft/kt1/3) was

No close-in gages were used in these left open to the surface. A strong initial

experiments. Therefore, no data are airblast pulse was recorded at all gage

available in the turnover region of the stations. This pulse completely domi-

single-charge overpressure curves. nated the airblast and was due to com-

There is some indication that the closest bineCd effects of ground shock and "cannon

measured overpressures and f-values are muzzle blast" from the unstemmed shaft.

slightly low for the deepest experiments The calculated f-values are plotted as

(airblast pulses most strongly directed triangles in Fig. 16. They are obviously

upward). larger than the corresponding stemmed

At very long ranges, local propagation experiments, and max= 0.27. On the

effects and meteorology come into play. average, the unstemmed f-values lie a

These effects were observable for some factor of 5.5 to 6.5 above the comparable

Trinidad experiments as a decrease in f gas-vent stemmed values. For predic-

at very long ranges. Only the close anti tion purposes, multiply the stemmed gas-

intermediate range data are used in this vent f by 6.0. Technically, this

investigation. Transmission factors number applies only to aluminized AN

almost always decrease at longer ranges, slurry detonations near optinmum depth in

indicating a negative temperature gradient sandstone, with an open shaft to the sur-

or sound velocity gradient (sound re- face 12 ft/kt1/3 in diameter and a charge

fracted upward, away from ground level), configuration exactly identical to the test

However, one Trinidad experiment gave experiment (1-ton AN slurry charge at

a relatively close tropospheric sound dob = 209 ft/ktl/3). However, the very

focus, the first time that such an event early time v.ntinv, behavior through an
has been clearly recorded, The focus open hole is not expected to be strongly

occurred at a range of 32,300 ft (scaled affected by the surrounding medium. Thus,

range 301,000 ft/ktl/3) from near-surface the 6.0 multiplication factor should be ap-

shot B-11. The observed 0.55-mbar proximately correct for most chemical

(unscaled) peak overpressure at this explosive detonations near or somewhat

location was a factor of 1.8 greater than below optimum depth of burst. The shaft

the expected R-1 "2 value.* Sin~e no ver- diameter should be close to 12 ft/ktl/3;

tical meteorology is available, there is shaft size variations or extreme differ-

no possibility of calculating a path for the ences in charge configuration or yield

refracted signal. Refraction due to may modify the observed airblast.
Additional results of the Trinidad

*Also, this overpressure fell about a series are described in Section 9 (near-
factor of 2.0 above extrapolated close-in
overpressures for the experiment, surface bursts) and A pp e n d i x B
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(row-charge experiments). AN slurry variations in airblast reminiscent of the

near-surface bursts are predicted using ANFO single-charge results. A pre-

the standard TNT surface burst curve liminary method of predicting airblast

(Section 9). The Trinidad row-charge from AN row charges is given in

tests revealed wide and inexplicable Appendix B.

Section 5
Buried Single-Charge Prediction Procedures

"This section presents single-charge (2) Chemical explosive (TNT and

prediction procedures using the frmax nitromethane) and nuclear in alluvium,

method and compares the predicted lines 60 ft/kt1 /3 < dob < 300 ft/kt13, 10 tons

with actual observations of large-yield < W < 1000 tons. Use the center (dashed)

events. Aerial gage measurements of curve in Fig. 13a.

airblast from cratering experiments are (3) Chemical explosive (TNT and

also discussed and compared to ground nitromethane) in all strong rock media,

level values. 60 ft/ktl/3 < dob < 300 ft/ktl/ , 10 tons

< W = 100 tons or larger. Use the upper

SINGLE-CHARGE PREDICTION (basalt and rhyolite) chemical explosives

line in Fig. 13a.

_Given the max curves of the previous (4) Chemical explosive (nitromethane)I

section, overpressures may be predicted in saturated clay shale, dob > 170 ft/ktl/ 3 ,

in the following manner. First, calculate all yields. Use ground-shock fmax t 0.06.

the dob for the experiment to be pre- Gas-vent airblast is negligible for all

dicted: chemical explosive events in water or

saturated media below 170 ft/kt'/3 dob.

dob YDOB (in ft) 1 / 3  (5) Aluminized ammonium nitrate
slurry detonations (AANS) in sandstone or

weak rock, 160 < dob < 300 ft/kt11 3,

Then go to the appropriate curves, 0.5 < W < 100 tons. Use the AN ground-

Figs. 13a, 14a, or 16, and read off a shock line shown in Fig. 16.

ground-shock 'max and a gas-vent fmax"

The following is a summary of the cor- Gas-Vent max Values:

rect curves to use: (1) Chemical explosive (TNT and

nitromethane) in alluvium and strong

Ground-Shock fmax Values: rock, 16 ft/ktI/ 3 < dob < 300 ft/kt1/3,

(1) Nuclear detonations, 60ft/ktl/" <dob 10 tons < W < 1000 tons. Use solid

< 300 ft/ktI/#, 0.05 kt < W < 50 kt. Use (upper) curve in Fig. 14a.

the Nuclear Detonations line (lower line) (2) Nuclear detonations in alluvium,

in Fig. 13a (strong rock only). moist media, rock with wet regions,
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16 ft/ktl/3 < dob < 160 ft/ktI/3, 0.1 kt and by fmax (ground-shock). This proce-
< W < 100 kt. Use so6 d (upper) curve dure yields two sets of prediction points,

in Fig. 14a. one for gas-vent and one for ground-

(3) Nuclear detonations, well-stemmee shock. When plotted, the sets of points

in dry rock,with 125 ft/kt1/3 < dob define two lines of slope R72 These

<250 ft/kt1/3, 0.05 kt < W < 5 to 10 kt. are the predicted lines. While two points

Use the dry medium nuclear fmax line in would be sufficient to define each straight

Fig. 14a. This line gives only approxi- line, it is desirable to use several as a

mate predictions of the amplitude of the check on the accuracy of the calculations.

gas-vent pulse (ground ahock is dominant).

The line on the bottom, f (at Rs = 600 ft/ Summary of Prediction Procedure

kt1/3), may also be used to predict the To predict the airblast overpressure

overpressure at a scaled range of Rs AP as a function of true range R, for an

- 600 ft/kt1/3 only. experiment of specified explosive type,

(4) Aluminized ammonium nitrate yield W (kt), and ambient atmospheric

slurry detonations (AANS) in sandstone pressure P0 (mbar):

or weak rock, 160 ft/kt1/3 < dob < 300 ft/ (1) Determine fmax (gas-vent) and

ktl1/3, 0.5 tons < W < 100 tons. Use 'max (ground-shock) from Figs. 13a and

either of the two AN gas-vent curves 24a or from Fig. 16, as described above.

shown in Fig. 16 (solid or dashed; they (2) Select several points (R., APd)

are quite close together and selection from the standard Rs 1.2 line (some sam-

will make little difference in the pre- ple standard line points are tabulated in

diction). Table 1).

(5) Unstemmed detonations (open (3) Since the standard line points are
1/3

shaft 12 ft/kt in diameter), at or near scaled for a yield of 1 kt and an ambient

optimum depth of burst; aluminized pressure of 1000 mbar, scale them to the

ammonium nitrate slurry in sandstone or yield W and ambient pressure P0 of the

weak rock, W= 1 ton. Multiply the pre- detonation of interest:

dicted gas-vent fmax by 6.0. This tech- -(PO
nique is also applicable to other types of AP = APs M0

chemical explosive events and to other

yields, although the predictions may prove 1/3

less accurate. R =R s --W 1000\1

After obtaining the ground-shock and

gas-vent fmax values, make the predic- (4) Scaling the standard points (R.,

tions and plot them on a sheet of log-log APs )to the experiment in questiongives a

graph paper. To make the predictions, new set of points: (R, AP); (scale at least

select at least three or four appropriate 3 or 4 points to assure accuracy of scal-

standard line points from Table 1, scale ing and plotting). Multiply each AP by

them back to the yield and P0 of the 'max (gas-vent). This gives the gas-vent

experiment to be predicted, then multiply predicted points: (R, AP (gas-vent)). Pre-

each overpressure AP by fmax (gas-vent) dict ground-shock overpressures in the
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same way, multiplying AP by fnax R s AP (mbar)

(ground-shock). Then plot the CR, AP 500 816

(gas-vent))points and the(R, AP (ground- 1000 357

shock)) points on a sheet of log-log graph 3000 95.4

paper. The points define two lines of

slope R 1 *, which are the predicted gas- Scale these points back to a 20-ton ex-

vent and ground-shock overpressures. periment at P0 = 868 mbar:

Note that, for the close-in region (Rs

< 3000 ft/kt1 /3 for gas-vent overpres- AP = APs ku8• = 0.868 APs
sures and R < 600 ft/kt'I3 for ground-

shock overpressures), the R-1'2 line will 1/3=

overpredict the airblast overpressures. R -R Rs

Section 6 presents a procedure for refin-

ing the predictions in this range. Tabulate the values of R and AP:

(5) All the overpressures listed in

Table 1, and thus all the predicted over- R (ft) AP

pressures, are expressed in millibars 142 709 mbar = 10.28 psi

(mbar). If desired, convert all predicted 285 310 mbar = 4.49 psi

overpressures from mbars to psi by 855 82.8 mbar = 1.20 psi

dividing by 69: AP (in psi) = AP (in

mbar)/69.0. For gas-vent overpressure predictions,

multiply all the overpressures (either in

Sample Problem psi or mbar, as desired) by fmax (gas-

Predict gas-vent and ground-shock vent) = 0.17 and tabulate:

overpressures for a 20-ton (0.02-kt) TNT

experiment in alluvium. The ambient R (ft) AP gas-vent (psi)

pressure P0 at the time of detonation will 142 1.75

be about 868 mbar. The depth of burst is 285 0.764

34 ft. First, find the dob: 855 0.204

DOB 34 ft 1/3 For ground-shock overpressure pre-
.b D (0.02)1/3 = 125 ft/kt. dictions, multiply the overpressures by

fmax (ground-shock) = 0.03 and tabulate:

The experiment is in alluvium. Using

the dashed (alluvium) curve in Fig. 13a, R (ft) AP ground-shock (psi)

find fmax (ground-shock) = 0.03. From 142 0.308

the chemical explosive curve in Fig. 14a, 285 0.135

fmax (gas-vent) = 0.17. 855 0.036

Go to Table 1 and select a 0~w appro-

priate points at ranges of interest: *Convert to psi by dividing by 69.
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These gas-vent and ground-shock OVERPRESSURES ABOVE

points are plotted in Fig. 17. They de- GROUND LEVEL

fine two straight lines, which are the All the data on which the above predic-

predicted gas-vent and ground-shock tion technique is based refer to ground

overpressures. The conditions specified level or near ground level overpressures.

for this -sample problem are the same as There has recently been some interest in

for the Stagecoach III chemical explosive aerial airblast, at high elevations above

experiment. The actual observed Stage- the point of detonation. Reed believes
coach III overpressures are plotted in that elevated overpressures may have

Fig. 17 for comparison, considerable effect on the airblast energy

To demonstrate further the prediction propagated to very long ranges 12-14.

method, predictions have been performed There is a limited amount of experimen-

for several other single-charge nuclear tal information on elevated airblast,

and chemical explosive experiments in deriving mostly from the Scooter and

various media. The resultant prediction Pre-Schooner II detonations (Tables Cl1
lines, together with the observed points, and C12, respectively). These experi-

are shown in Figs. 17 through 24. The ments used either balloon-borne or pole-
Sfmax used is listed in the figure in each supported gages, relatively close-in to

case. Please note that Figs. 17 through SGZ.

24 are plotted in terms of true ranges The Scooter experiment had several

and overpressures for each experiment elevated gages, but only the two (very

(not scaled to 1.0 kt, etc.). Some of close-in to SGZ) measured gas-vent
these figures have AP in psi instead of overpressures higher than the ground

mbar to maintain comparability with the level values at the same range. These

originally published data. two gages were at scaled ranges of Rs

"10
dob - 125 (t/kti/3 1.0 1 I

w- 0.02 kt - - 129.3 f,hktV3PO" • reecV- 
2.3 kt

Chemical explosive, olluvium IN•€.r, .hyoliteP 0  D6II~bt j "840 mbr

1.0 - "Predicted gas-vent1 .0 Overpressure "nnx0. 170.* * ** o 

Predicted o, s-vyo, ov*. e.lure0

- *. -"0.01
I x *I 

*

CL

X *Predicted gound-tliock
o.,erpretssue 

•0.014R

0.1 ,•., ied,,o,. dro.00s%0.0 \ * \ 0.01 - rPewr ruv* 00
Pred icted ground -shoc 0.01

Measured *Gos vent X Measured)

eXG¢d shock It X Ground-shock (meusused)

I .1 0.001 I0.0110 100 1000 10,000 10 100 1000 10,000

Range -- ft unscaled Range - ft, unscaled

Fig. 17. Observed and predicted airblast Fig. 18. Observed and predicted airblast .,
overpressures for Stagecoach III. overpressures for Cabriolet.
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dab 94 i/tIA /3

W 0, .02 Ist
P0" 848 tabor

10 •OI;col oxplosives,
Predicted gas- Gas vent (measued) basalt

100 vent overpressure re

S.x .08Predictedg gas-vent

0L max 03Ia*. S " * *% • o. 3 5

11/3110 dab = 157.5 ft/kt 3
W = 0.5 kt - X
P = 868 mbar SPredicted ground-shock

Chemical explosive, alluvium1 0.0435

. Gas vent (measured) 0.1 x

1.01 I

10 100 1000 10,000

Range - ft, unscaled
Fig. 19. Observed and predicted airblast 0.01 • I . I

overpressures for Scooter. 10 100 1000 10,000
-. 0_ Range - ft, unscaled

•b1.0 * I 7 I 3

W 0.0t2 k, Fig. 22. Observed and predicted airblast
-0.. - overpressures for Buckboard 11.._ C~~er.,,€oCl Cýplo';"' llvu

X Grourd shrock (rrreswrd)

0.1 10
Pled;¢ted go -JshoC 1 II
•rro 0.008, dab 157.5 ft/kt/3

X X• W- 0.02 ksPO 1 848 taborX X\ 

Chemical explosive.

0"0110 100 1000 10,000 1.0 * Gas vent (measured)
X Ground shock

"A (measured)
Range - ft, unscaled a.

S*- Predicted gas-vent
Fig. 20. Observed and predicted Airblast ,x x 'v e,0ess.0e

overpressures for Stagecoach 1. ** x 0?

10 0.1 x[ 11/3 k ft' t Predctec, ground-shock
W = 0.02 kt overpressure
P0 = 868 mbar max= 0.026

Chemical explosive, 0.01 1 1 1 ,
10 alluvium 10 100 1000 10,000

K. G(s vent Range - ft, unscaledS_ I (measured)

Fig. 23. Observed and predicted airblast
overpressures for Buckboard 12.

Predicted gas-vent
ovrrssure

overpressure x4lotted

0.1 \ overpressures are plotted in Fig. 6.

10 100 1000 10,000 These overpressures are high relative to

Range - ft, unscaled the ground level fitted line by factors of

Fig. 21. Observed and predicted airblast 1.77 and 1.63, respectively. All other

overpressures for Stagecoach I11 elevated gages, at longer ranges, gave

L 
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10 0 = 59 deg) and 3.46 (Is = 1260 ft/ktl/3.

daob 217 /kt 0 = 23 deg). Note that the gas-vent over-
Sw0m.02 kt pressures are high by about the samePO . 848 tabor

Chemical explosives, basalt factor as the corresponding ground-shock
x Ground shck (measured)

1• x G hoverpressures. There is only one accu-

Sec'gw olrate long-range gas-vent elevated over-
S/-P,,lcedgo•-a•pressure (at Rs2520 ft/ktl/3, 9 = 49 deg).

S0.1 _sxo This value may be slightly high, but it is
x•• difficult to be certain. There are no

reliable ground level long-range gas-vent

overpressures with which to compare it.
0.010

0.1 I All the ground level gages were c.v.r-.ts eleate 1vauusno00h
10 100p1000 10,000 ranged. It seems most probable that

Range - ft, unscaled

0.1 X X (mx - 0.0195This elvalued maybe sighntl high,. u ti

Fig. 24. Observed and predicted airblastTh e no
overpressures for Buckboard 13. tion, it can be tentatively concluded that

the shock front is definitely inhomogene-
peak overpressures which fell very close ous close-in to SGZ for both gas-vent and

to the ground level peak overpressuresg ground-shock overpressures. The over-

Pre-SRnooner II also had a number of pressures are highest for angles close to

elevated gage measurements. These the vertical (directly above SGZ), and

data included both gas-vent and ground- drop to a minimum at ground level. How-

shock overpressures. The results are ever, the pressure front tends to "evenout"

shown in Fig. 5. Again, the close-in (become more nearly hemispherical) at

elevated overpressures are high, but long ranges. Roughly speaking, close-in

those at longer ranges appear consistent aerial overpressures are high by a factor
with ground level measurements. The of 2 (relative to ground level overpres-

close-in ground shock overpressures are susur at the same range) at nge 34 deg

definitely high: the first (R 410 ft/ from the vertical. They are high by a
kt1/3 angle from the vertical gr- 59 deg) factor of 3.2 at 6 23 deg from the verti-

is high by a factor of 1.45. The next cal. These effects have largely disap-

sofn 2.0 high. T.Aanhe third-i (Rb26f or e mor 40 negandy hmsh ercl a>200/ tl

(Rs 756 ft/kt1 /3, 0 =34 deg) is a factor peared by a range of Rs= 2700 ft/kt 1/3.

elvae o.04hig prTesshirdes are high, but/ longran4esdeRoandlys>p2eafkting , close-in

kthoe at londeg) lies a factor of 3.21 aerial overpressures have decreased to

above the ground level overaressures. essentially ground level values. The

All the more distanthcelevated gages ( 5  overpressures at angles closer to the
d2180 to 2780 the 0 = 40 to 81 deg) vertical than 40 deg may still be some-

gave overpressures very close to tne what high; there are no data to decide

ground level curve. The gas-vent over- this point.

pressures reveal much the same picture. It should be noted that aerial data for

The two close-in measurements are high both Scooter and Pre-Schooner II under-

by roughly 1.66 (Rs - 410 ft/kt1/3 went considerable smoothing during the
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course of data reduction. The above con- gage tracing with the ground level gage at
clusions are based on the smoothed data. the same range (3280 ft), there is some

There is one additional elevated AP indication that the aerial ground-shock-
value, for the Palanquin nuclear experi- induced overpressure may be 15% higher.
ment. This came from a gage mounted The difference, if real, is probably a
35 ft above the ground, at a range of result of slight constructive shock rein-
3280 ft. Unfortunately, calibration for forcement (reflected shock) at the ele-
the gage was lost. In comparing this vated gage.

Section 6
Prediction in Turnover Region (Very Close-In Airblast)

EMPIRICAL RANGE-DEPENDENT partially shielded from the gas-vent
f RATIOS pulse by the height and general configura-

The max prediction proced-&re of tion of the rising mound. Again, there is
Section 5 predicts an overpressure line a transition region between the near and
of slope Rs1.2 which fits the observed distant gages. These effects will be dis-
overpressure observations located high- cussed from an empirical viewpoint, and

est relative to (closest to) a standard a rough method will be developed for pre-

Rs1'2 reference line. It produces dicting them.S
slightly pessimistic predictions at inter- The approach used is to compare the
mediate-to-long ranges from subsurface observed overpressures as functions of
explosive events. However, it predicts range with a standard Rs1.2 line, and to
overpressures which are excessive at analyze f-values as functions of scaled
close-in raniges, near the turnover region range. If overpressures followed a pre-
of the curve. Overpressures in the close- cise R"1" 2 attenuation with range, f would
in region, generally of interest only for be constant at all ranges and always equal
scientific work and close-in gage sonsi- to fmax* Since the experimental data
tivity settings, may be predicted using show that overpressure curves turn over
the procedures presented in this section. close to SGZ, the close-in f values will

The turnover region is a result of two decrease below fmax" The behavior of
effects mentioned earlier: gages inside the turnover can-be examined by taking a
the rising mound radius "see" a local or ratio f(Rs)/fmax and plotting it as a func-
ground-transmitted ground-shock over- tion of range. This ratio has been calcu-
pressure, rather than the combined effect lated for the best of the available experi-
of the entire mound piston. There is ments, particularly those which have
naturally a transition region between the good close-in overpressure measure-
large "combined" overpressures at ments. The results are plotted in

longer ranges and the relatively small Figs. 25 through 28.
local overpressures inside the piston It will be noted that all curves show

area. Likewise, the nearby gages are the characteristically decreasing ratio
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Fig. 25. Ratio f(Rs)/fmax as a function of scaled range for Stagecoach and Scooter
ground-shock and gas-vent overpressures (chemical explosive in alluvium).

moving in toward SGZ. There are two through Stagecoach I and III data. One

distinct sorts of decrease. Far from fact is immeulately evident. The gas--

SGZ, the curves are smooth, almost vent curves all begin to turn over sharply

straight lines, with gradually steeper at long ranges from SGZ. The well-

slopes close to SGZ. Very close in, they defined gas-vent turnover region extends

suddenly undergo a sharp turnover. The at least from R. = 300 ft/kt1 / 3 to Rs

shallow part of each curve represents a = 1500 or 2000 ft/kt1/3. The ground-

gradual deviation from R-1,2 slope, per- shock curve (based only on Stagecoach III

haps approaching I before the turnovei and extrapolated Stagecoach I data) is

occurs. The very steep close-in portion very shallow-obviously the slope does

is the true turnover, not deviate much from RIt- even as

close as R s 1000 ft/kt1/. The hint of a

CHEMICAL EXPLOSIVES TURNOVER sharp turnover begins only at Rs = 300 to
CURVES 600 ft/kt 1 /3. The very close-in behavior

Figure 25 shows the curves for chem- of this turnover cannot be defined because

ical explosives in alluvium. Mean curves Stagecoach overpressure measurements

have been fitted through some of the bet- were not taken closer than R st 300 ft/Ster establiahed points., a-vn curves ktl/

are shown for Scooter and Stagecoach II Figure 26, chemical explosives in

and III. A ground-shock curve is fitted strong rock, gives further information
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Fig. 26. Ratio f(Rs)/finax as a function of scaled range for Buckboard and Pre-Schooner
ground-shock and gas-vent overpressures (chemical explosive in basalt and
rhyolite, respectively).

about the close-in turnover. Pre- turnover region definitely extends inside

Schooner II had accurate close-in ground- the ground-piston area, Rse 200 ft/kt1 /3.

shock overpressures. which define the Ground-shock overpressures from Buck-

shape of the curve in the turnover region, board 11 and 12 (Fig. 26, middle line)

The f(Rs)/fmax ratio is close to one at show the same trend, although they do

long ranges (little deviation from i-1'2 not go close enough to define the turnover.

slope). A sharp turnover occurs inside There is a gradual deviation from R

Rs 300 to 600 ft/kt This sharp at long ranges, but the slope begins to
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Fig. 28. Ratio f(Rs)/fmax as a function of scaled range for Cabriolet, Schooner, and
lPalanquin gas-vent overpressures (nuclfear detonations).

very close-ir• airbTast. These events are transmitted local overpressures become
particularly useful'in establishing the dominant, and it is quite well-defiied in

gr und-shock turnover very close to SGZ. Fig. 27. The Palanquin curve appears
Fi re 27 shows the ground-shock f(Rs )/ shallower than the other two and remains

fmax ratios only (note that the values low at slightly greater scaled ranges.
Splotted in the figure extend no fartherý Palanquin was at a somewvhat deeper dob.

Sthan R.= 300 ft/ktl/)' Curves for the The effective ground piston is larger and
three experiments are quite similar, less well-defined for a deep experiment
The sharpeat turnover occurs inside R and the local overpressures are lower;
- 150 to 200 ft/kt1# This is the transi- thus, the transition from ground-

tion region where smaller ground- transmitted to air-transmitted pulse is
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less sharp; the fitted overpressure curve shock front to "even out" into a nearly

tends to be a smoothed curve of gradually hemispherical configuration. The shock

changing slope. The Palanquin curve energy feed6 back more slowly to ground

appears shallow because the edge of the level. The overpressures are relatively

ground-piston effect is not "seen" as lower (and f(Rs)/fmax is relatively

sharply in the limited number of over- smaller) at close to intermediate ranges

pressure data points, before the shock froit approaches a

The nuclear experiments also demon- hemisphere.

strate gas-vent turnover quite nicely. In

Fig. 28, the overpressures begin to drop PREDICTION PROCEDURES

below R -12 behavior far from SGZ.

Appreciable deviations occur around Rs Close-in overpressures can be pre-

= 2500 ft/ktI/ . The sharpest part of the dicted using the above results. Correc-

turnover falls in the range Rs = 200 to tions are applied only for Rs < 3000 ft/

2000 ft/kt1 /3. Cabriolet defines the kt1/3 for gas-vent overpressures, or for

extreme inner region of the turnover. Rs < 300 to 600 ft/kt1/3 for ground-shock

Sharp dropoff continues near SGZ. Inside overpressures. To predict, simply make

R s 200 ft/kt1 / 3, f(Rs) decreases to a single-charge prediction, as in Sec-

about 0.3 to 0.4 times fmax" Evidently, tion 5. Then select an appropriate curve

the close-in ground level gages are very from the turnover region figures using

well shielded from the gas-vent pulse, the following guidelines:

This is the expected effect, since venting (1) For all chemical explosives in

occurs near the crown (separated from alluvium: Use Fig. 25. Use the Scooter

near gages) and shielding by the body of curve for gas-vent predictions. Use the

the mound is greatest close-in. Again, Stagecoach I and III ground-shock curve

the Palanquin curve lies significantly for ground-shock predictions.

below and is shallower than its two com- (2) For chemical explosives in basalt

panions. Irn this case, the effect is very or rhyolite: Use Fig. 26. Use the bot-

probably real. Gas venting for deep tom Buckboard 11 and 12 curve for gas-

experiments (Palanquin) occurs later in vent predictions. Use the Pre-Schooner

the mound history, near the top of the II curve (upper curve) for ground-shock

mound. Basic geometry for deep bursts predictions.

also indicates that the gas-vent pulse (3) For nuclear experiments in strong

energy should be concentrated in a rock: Use Fig. 27 for gr)und-shock pre-

smaller vertical angle (i.e., the vent dictions. Use Fig. 28 for gas-vent pre-
should be more strongly directed toward dictions, Select the curve which is
the vertical). Therefore, close-in gages closest to the proposed experiment in dob.

are well-shielded, with most of the pulse

energy escaping in a near-vertical direc- Caution:

tion (not seen by the gages). Since the The above gas-vent curves are valid

shock is strongly concentrated in one only for experiments near optimum depth

direction, more time is required for the of burst. Shallow experiments may be,
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underpredicted close-in, since airblast at any scaled range Rs < 3000 ft/kt1/3 for

is less concentrated toward the vertical gas-vent overpressures, or R1s < 300 to

at shallow depths for reasons discussed 600 ft/kt1/3 for ground-shock overpres-

under "Nuclear Turnover Curves" (Palan- sures, read the value of f(Rs)/fmax from

quin), above. In addition, the nuclear the curve. Then multiply the predicted

curves apply only to well-stemmed events AP at Rs by [f(R s)/f max1. This gives the

in dry high-strength rock. correct predicted overpressure. If de-

Next, use the selected curve to cor- sired, predict overpressures for several

rect the Section 5 (R- 1. 2 ) predicted over- close-in ranges, plot, and draw a smooth
B

presures. The procedure is as follows: curve through the points.

Section 7
Row- and other Multiple-Charge Configurations

This section discusses row- and pressures are larger perpendicular to

multiple-charge experiments, data, and the axis of the row (1 to the row) than off

factors which influence airblast overpres- the ends of the row (11 to the row).

sures from multi-charge configurations. It must be determined how these fac-

Section 8 presents a procedure for pre- tors control row-charge overpressures.

dicting airblast overpressures from One approach is to compare single-charge

multi-charge detonations, experiments with row charges. The ideal

situation would be to compare two events

FACTORS INFLUENCING with all factors identical except the num-
ROW-CHARGE AIRBLAST ber of charges. Unfortunately, many of

Multiple-charge events may occur in the available comparison experiments

simple or complex configurations, with are also influenced by differences in

varied delay times between successive medium, burial depth, explosive type,

detonations. Thus far, most airblast yield, etc.

data refer to simultaneously detonated

row and square array events. The sim- PREVIOUS EMPIRICAL

plest cases will be examined for pur- PREDICTION STUDIES

poses of empirical prediction. In an early attempt to study row-

Three new factors appear in the func- charge effects, Vortman15,16 compared

tional dependence of row- charge over- overpressures from Dugout (5-charge

pressures: (1) the number of charges in row, 20-ton nitromethane charges in

the row, "n"; (2) the scaled spacing basalt) to those from a small experiment

between the charges S (ft/kt )- (11-charge row, 8-1b charges in allu-

S = (charge separation, in ft)/(W in kt)l1 3 ; vium). On the basis of these two row

and (3) the azimuth from the row axis at detonations, Vortman found that peak

which overpressure is measured. The over- overpressure at a given scaled range
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depended mainly on 1nnt He established AP (U to row) for

an empirical dependence of the form: n0 . 7 AP (single charge) ground
AP (11 to row) shock0. 0.25 to rpeaks

AP U to row) = n0 7 AP (single charge) = n0"2 5 AP (single charge) only

AP (11 to row) = n0 .25 AP (single charge) This coincides with Vortman's relation

determined using Dugout and a small-

where "AP (single charge)" is the ex- charge row. However, the data are still
pected overpressure at a given range for based on just two experiments, both of

one of the charges in the row (or for one which are 5-charge rows in basalt.

charge of average yield at the average doL In other work, Vortman6 attempted to

for a row of differing charges); "AP (0 to eliminate the experimental inconsisten-

row)" and "AP (II to row)" are the respec- cies of the above tests by observing

tive overpressures at the same range carefully controlled row shots in a single

perpendicular to and off the end of the row. medium (dry lake playa). All detonations

Unfortunately, the excellent fit ob- used identical 64-lb charges at fixed

tained for the above two experiments depths of burst. The tests encompassed

proved partly fortuitous. Vortman later rows of 2 to 25 charges, at two different

showed that the Dugout peak overpres- spacings. Thus, it was hoped, the

sures were ground-shock-induced, while effects of n and of charge spacing could

those from the small-charge row were be isolated.

due to gas vent. Thus, inconsistent Some difficulties arose during the

experimental conditions invalidated the course of these experiments. Measured

comparison. overpressures were not reproducible,

Better estimates of row-charge air- ai.rblast attenuation with range was not

blast reinforcement may be made by reproducible and deviated from that

comparing similar large-yield detona- expected for large-yield shots, the air-

tions. There are only two such events blast waves changed form with range,

for which complete airblast data exist. etc. Some of the problems were related

They are Dugout (above) and Buggy to the use of small-yield charges.

(5-charge row, 1.1-kt nuclear charges, Small-charge experiments often show

also in basalt). Dugout overpressures nonrepeatable effects, and results may

can be compared to the very similar not extrapolate perfectly to larger yields.

Buckboard 13 single-charge experiment Other problems may be common to all

(TNT, basalt). 15,16 Buggy can be com- row-charge experiments. First, meas-

pared to several single-charge nuclear urements were taken over a rather

detonations in strong rock. In both caues, restricted range of distances, As men-

perpendicular and off-the-end overpres- tioned previously, the overpressure

sures exceed the corresponding single- peaks for a row charge are separated in

charge overpressures by about the same time. They achieve partial combination

amounts. Both experiments are consist- and converge on a reasonable attenuation

ent with a relation of the form: rate only at large scaled distances. The
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* change in waveform with range is ex- tionship to the number of charges in the

plained by shielding effects: the closest row. Vortman's empirically derived

gages are partially protected from the relations are:

gas-vent pulse by mound shielding and Scaled intercharge spacing, S, of

the upward direction of the vent. Thus, 165 ft/ktl/ 3 :
• -$---• • close-in gas-vent overpressures are low

relative to the ground-shock values. charge) for ground-

They grow relatively larger at long shock

ranges, until the gas-vent too converges = n0.9 AP (single-

the end ofterohytearsnc fIrlT) for groun-Son R attenuation. Close-in mound vent
shielding may be further increased off AP (iI to row) = n0 "4 AP (single-
the ends of the row by the presence of charge) for ground-

shock
several successive intervening mounds at = n0 .7 AP (single-

the time of gas vent. Obviously, the charge) for gas-

various influences combine to decrease vent

the gas-vent amplitude seen by nearer Scaled intercharge spacing, S, of

gages. The shock wave will be far more 252 ft/ktl/ 3 :

distorted. It will require a greater dis- A to row) n0 8 A? (single-
tance to even out into a more he~mispher- chre fo grond-.. 1 2--- charge) for ground-

ical configuration Lnd approach R1' shock

attenuation. These effects were well- = n0 .4 AP (single-

observed during Vortman's experiments, charge) for gas-
vent

In some cases, the gas-vent peak was AP to row) Z' AP (single-charge)
actually smaller than the ground-shock for ground-shock

pulse close-in, but became slightly • AP (single-charge)

larger at great ranges. It is now evident for gas-vent

that no reasonable attenuation rates or Note that, for the wider spacing, AP
transmission factors can be based on (II to row) s AP (single-charge). Wide

close-in gas-vent data, particularly for spacing increased the time interval be-
row charges. tween overpressure peak arrivals. The

In spite of these difficulties, it is increased interval was sufficient so that

believed that Vortman's derived ratios overlap of the peaks was negligible, and

(ratio of row charge to single charge air- the peaks were not able to combine. The
blast) are roughly correct for charges of overpressure was effectively decreased

small yield. His results may be briefly to single-charge values. Sometimes it is

summarized as follows: The ratios of not feasible to use wide charge spacing.
row charge to single charge for "mean" However, the increased time interval can

overpressures (smoothed to an approxi- be duplicated by using delayed detonations.

mate fit over all ranges) were determined It is necessary to retard the successive

for all experiments. It was found that the peak arrivals by an amount equivalent to

ratio of row charge to single charge air- the delay due to wider charge spacing,

blast did indeed follow a power law rela- above. In Vortman's experiment, the
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spacing was increased by 53% over opti- ranges from SGZ. The f-values at these

mum spacing. Successive peak arrivals ranges should be truly comparable to the
can be retarded by the same amount if fmax values shown in Figs. 13a and 14a.

successive detonations are delayed by This approach is particularly appli-

cable to the large experiments Buggy and

Delay time (sec) Dugout, since measured overpressures

tiextend to about Rs = 10,000 and 15,000 ft/

0.53 Optimum spacing (in ft) kt 1 / 3 respectively. At these long ranges,
i = 0.53Sonic velocity in air (ft/sec)"

even gas-vent overpressures have essen-
Delay times of this order are probably tially converged on ,12 attenuation.

tolerable without greatly decreasing the Therefore, row-charge f-values can be

volume of the crater excavated. Note safely compared to their single-charge

that this delay time will apply only off the counterparts. A "difference factor" can

starting end of the row (end where the be found which tells how many times

detonation series is initiated). The peaks larger row charge AP's are than those

will arrive closer together off the other for a comparable single charge. The

end, possibly increasing the overpres- difference factor is given by:

sure. However, in many instances, dam-
age is likely to be of concern in one Difference Factor

particular direction. This technique pro- flong range (row charge)

vides a means of decreasing row-charge - charge)

overpressures to nearly single-charge max

values in that direction. AP (long range, row charge)
AP (same range, single charge)'

ROW-CHARGE fmax PREDICTION where the charges in the row and the
SMETHOD single charge are einplaced at the same

Returning to the problem of simultane- dob, and in the same medium. The fmax

ous detonations, there remains one very (single-charge) may be taken from

important question: Which of the empir- Figs. 13a and 14a, or from a similar

ical relations is correct for predicting single-charge experiment of the same

large-yield airblast? One disadvantage "per charge" yield at the same dob.

of the above studies is that they tend to The number of charges in the row, n,

weight or to emphasize close-in over- is known. Therefore, assuming an em-

pressures. As has been seen, the row- pirical fit of the form AP (row charge)
charge pulses are still in the process of - nB AP (single charge); the exponent B

"combining at these ranges, and have not can be found:

converged on a reasonable attenuation

rate. Therefore, predictions based on nB AP (row charge)
= A (single charge)

close-in overpressures are in danger of

underpredicting at longer ranges. The fmax (row)

fmax approach will be used, based on fmax (single charge)

overpressures at the farthest available - difference factor.
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Results are listed in Tables 4 and 5. The valuei are for several different ranges

values of "B" are in the last column of (i.e., for individual overpressure data

each table. In most cases, single charge points) rather than just the maximum

fmax values from Figs. 13a and 14a were range. In one case (Rappleyea array
used in the calculations. The B's I to and charge, dob = 189 ft/kt1/3), a second set

11 to the row are tabulated for all row- of B values is given in parentheses after

,charge experiments. In some instances, the first set. These second B values are

more than one exponent is listed. These calculated on the basis of measured

Table 4. Calculated B exponents for observed row and array detonations (ground-shock

B values).

Experiment f or (Ap nB

medium) frow cl.arge single charge factor single charge)

Dugouta 1 0.0557 0.0194 2.87 1 0.655

(217 ft/kt1/3, I o0.0330 0.0194 1.70 110.33
basalt)

Buggy a 1 0.0467 0 . 0 14 7 b 3.18 1 0.719

(130 ft/kt 1/3 1 0.0209 0.0 14 7b 1.42 110.218
basalt)

a 0.0545- 2.81- 0.641-
Vortman 1 0.0744 0.0194 3.84 0.835

(217 ft/kt1/3' 0 002 2 3- 0.0194 1.15- 0.087-

playa) 0.0311 1.603 0.293

Rappleyeac 1 7  0.0452 0.0221 or (0.0210) 2.045 or (2.1) 0.445 or (0.460)
0.0764 0.0221 or (0.0281) 3.46 or (2.72) 0.77 or (0.62)

1/3~
(189 ft/ktI/3 0.0806 0.0221 or (0.0350) 3.65 or (2.30) 0.805 or (0.517)

playa)

Rappleyeac 0.0447 0.0168 2.66 0.608

(252 ft/kt1/ 3,' 0.0475 0.0168 2.83 0.646
playa) 0.0436 0.0168 2.60 0.594

Rappleyeac 0.0323 0.0136 2.38 0.539

(315 ft/kt1 /3 a 0.0360 0.0136 2.65 0.605
playa) 0.0485 0.0136 3.57 0.79

Dugout (Vortman's results, - . 3.28 1 0.738
derived solely from a 1.39 0.204
comparison with Buck-
board 13 as the single
charge)
aFive charges in a row; assume n = 5.

bNuclear line, Fig. 13d.

cFive charges in a square array, using n 5.

dParentheses indicate alternate estimate based on Rappleyea comparison single-

charge detonation.
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Table 5. Calculated B exponents for observed row and array detonations (gas-vent B
values).'

Experiment fmax or B Frow

(dob, (f Difference x n cr ge)
medium) frow charge single charge factor single charge)

Dugout 1 0.021 0 . 0 0 6 6ab 3.18 or 1.0 1 0 .7 19 a or 0 .0 a
or 0.021ac

(217 ft/kt'/3 II 0.0199 0 . 0 0 6 6 a'b 3.02 or 0.95 1 10. 6 8 6 a or 0.0a
basalt) or 0.021a'c

Buggy 1 0.0262 0.0099 2.65 1 0.605

(130 ft/ktl/3, f 0.0222 (nuclear dry 2.24 fi 0.501
basalt) rock line)

0.0249- 0.020 1.245- 0.136-
1/3 0.0544 0.020 2.72 0.62

(217 ft/ktl/3. 0.0192- 0.020 1.0- I 0.0-
playa) 0.0472 0.020 2.36 0.534

17 0.082 0.0375 or (0.0579)d 2.19 or (1.417) 0.487 or (0.216)
Rappleyea 0.149 0.0375 or (0.0785) 3.97 or (1.90) 0.856 or (0.398)

(189 ft/kt1/3 0.161 0.0375 or (0.1026) 4.3 or (1.57) 0.905 or (0.28)
playa)

Rappleyea 0.0238 0.0099 2.40 0.544

(252 ft/kt1/3S 0.0245 ? 0.0099 2.48 0.564
playa) 0.0239 0.0099 2.42 0.549

Rappleyea 0.00968 0.0041 2.36 0•533

(315 ft/kt1/3 0.00936 0.0041 2.28 0.512
playa) 0.01320 0.0041 3.22 0.726

a B = 0 for Dugout compared to the chemical explosive gas-vent curve (i.e., Dugout

row fmax coincides with the fitted curve single-charge fmax). This fact indicates that
the deeply buried Dugout nitromethane row-charges are behaving in a manner rather
similar to nuclear explosives in dry high-strength rock (in regard to gas-vent airblast
overpressures), or that the chemical explosive gas-vent fmax curve in Fig. 14b is too
high at dob = 217 ft/kt1/3, The dashed line might be more appropriate at this depth.
In order to resolve the difficulty, Dugout results are provisionally compared to the gas-
vent fmax line for nuclear detonations in dry high-strength rock (Fig. 14b), giving the
higher values of B listed above.

bNuclear line, dry medium nuclear detonations, Fig. 14b.

C~hemical explosive curve, Fig. 14b.

dparentheses indicate alternate estimate babed on Rappleyea's comparison single-

charge detonation.

overpressures from an identical single- small-chargc rows) are consistent with

charge experiment at the same ranges earlier studies:

and under the same conditions. AP (U to row) ; n0 ' 7 AP (single charge)

Results of the row-charge experiments for ground-shock
sdn0.7 A snl hre

(Dugout, Buggy, and one of Vortman's for gas-vent cr
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AP (11 to row) t n 0 "2 5 AP (single charge) greater ranges where the shock front is
for ground-shock beginning to "even out" into a hemisphere,

Sn0.50 to n0 .7 0 AP (single and the row appears almost as a point
charge) for gas-vent

source. This fact explains the relatively
The exponents for the Rappleyea five- large exponent found by Vortman 6 off the

charge square arrays are also of interest: end of the small-charge rows:

AP (square array) a n0 . 6 to n0 . 8 AP 04
(single charge) for AP (II to row) n n to n0 7 AP
gas-vent and ground- (single charge).
shock For large-yield experiments, on the con-

trary, overpressures remain low off the
There is some indication that the expo- ends of the row. Azimuthal variations in

nents may be slightly smaller for the the shock front are permanently estab-

gas-vent pulse. lished, and propagate to great ranges.
The contradiction between large-yield Apparently, these variations are "frozen

experiments and the aforementioned "either by local meteorological condi-

small-charge study is still present. Any tic'-s or by the sheer linear dimensions

analysis of the large-yield strong rock e shock front (a given scaled distance

data gives roughly the same result for corresponds to much greater linear dis-
ground-shock-induced overpressures: tance for these large experiments).

A P ( to row) n n0.7 AP (single charge) Overpressure peaks still tend to combine
for ground-shock off the ends of the row, but not completely.

AP (11 to row) n 0 .2 5 AP (single charge) Redistribution of energy over the shock

for grovnd-shock front is only partial, and pressure never ap-

proaches a true hemisphere. Airblast
Vortnian, from the small charge row converges on R"1, 2 but it converges on a

comparisons, found: lower R"1"2 line off the ends of the row

A9 A? (single charge) than perpendicular to it. Thus arises the
for both ground-shock small exponent for ground-shock over-

for bo nth groun-shoc 0.5A
and gas-vent* pressures, AP (II to row) = n0.25 A?

AP (I to row) n0 .4 AP (single charge) (single-charge).
for ground-shock * This entire question of nonscaling

AP (II to row) n0 .7 AP (single charge) effects cannot be satisfactorily resolved
for gas-vent

until better data exist. A most useful
Part of the difference may be due to experiment would be a large yield 10- to

effects which are nonscaling with yield. 20-charge row, similar to Dugout (chem-

Overpressures off the end of small- ical) or Buggy (nuclear) in strong rock.

charge rows tend to be low at close dis- The results of such an experiment could

tances. However, they quickly approach be combined with those of Buggy or Dug-

the perpendicular overpressures at out to establish the exponent B at all

*Applies to all closely spaced small ranges, I and 11 to the row. Until such

charge experiments. information becomes available, the
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empirical formulae in the following sec- sandstone and weak rock are discussed in
tion are recommended for predicting row- Appendix-B. Use the results of that dis-
charge airblast. cussion to predict for ammonium nitrate

Delayed row-charge detonations, double and other chemical explosive detonations

row detonations, and row-charge ai.rblast of intermediate yield, and for delayed and
for AN slurry and ANFO detonations in double row events.

Section 8
Buried Row- and other Multiple-Charge Prediction Procedures

To predict row-charge overpressures, Note that these relations will predict cor-
perform a single-charge overpressure rectly using the fmax method for Dugout
prediction for one charge in the row. and Buggy (as in Figs. 13b, 13d, and 14b).

Use its single-charge yield and dob just For moderate yield (Wp 1 to 40 tons)
as if airblast were being predicled for a nitromethane and chemical explosives
single charge. In those cases where suc- detonations near optimum depth (170 ft/
cessive charges in the row have different kt1/3) in saturated weak media, use
yields or dob, use the mean yield and ground-shock fmax (single charge) r 0.05
mean dob to make the single-charge to 0.06, and:
prediction.

Next, multiply the predicted overpres- AP (0 to row) = n0 7 AP (single charge)
sures at all ranges by a correction factor for ground-shock over-
Bpressuresn , where n = the number of charges in AP (11 to row) = n0' 4 1 AP (singlc charge)

the row. The correction factors are for ground-shock over-

given below. pressures

For large-yield cratering events (W (Ground-shock-induced airblast is domi-
"1 10 tons) in strong rock, well stemmed, nant for row- and single-charge detona-

nuclear explosives, TNT, and nitro- tions near optimum Cepth in saturated
methane, use: weak media.) These relations are based

on an analysis of data from the Pre-

AP (1 to row) = n0 "7 AP (single charge Gondola row-charge events in saturated
at the same range) for clay shale (Tables C19 and C20 and Ref. 18).
ground-shock and gas- For other row-charge detonations of
vent overpressures

AP (11 to row) = n 0."- AP (single charge smaller yield per charge (a few pounds

at x same range) for to one ton):
ground-shock overpres-
sures AP (. to row) n0 '9 AP (single charge

AP (I! to row) n0 6 AP (single charge at at the same range) for
the same range) for gas- ground-shock and gas-
vent overpressures vent
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AP (II to row) s n0 '4 AP (single charge made. The preliminary single-charge
at the same range) for prediction is often useful for comparison
ground-shock

AP (II to row) c, n0 .7 AP (single charge with the row-charge results. If a single-

at the same range) for charge prediction is not desired, the
gas-vent row-charge procedure can be shortened

slightly. First, calculate the dob for a
SFor all square array detonations, single charge in the row, just as in the

where n is the total number of charges single-charge technique. Read off the
in the array (n = 4 or 5): appropriate single-charge fmax value (s)

from Figs. 13a, 14a, or 16. Do not pro-
A? (array) n0 6 5 to n0s 8 A? (single ceed with the remainder of the single-charge at same range) for

ground-shock charge prediction. Instead, multiply

AP (array) = n0 "6 to n0 "7 AP (single f max (single charge) by nB (U to the row).
charge at same range) for Use this new value to predict perpendic-Sgas-vent

g ular overpressures. Next, multiply fmax

For all aluminized ammonium nitrate (single charge) by nd (II to the row). Use

slurry detonations, see Appendix B. For this value to predict overpressures off

delayed row-charge and double-row deto- the end of the row. This procedure auto-

nations, see Appendix B. matically multiplies all overpressures by
BThe above procedure requires a com- the appropriate n , without the need to go

plete single-charge airblast prediction through an entire single-charge predic-

before the row-charge prediction can be tion.

Section 9
Surface Burst Predictions

Surface bursts are frequently used for ent types of gages, from photogrammetric

airblast calibration prior to a buried det- shock wave radius-time data, and from

onation, and are also useful in estimating Airblast Time-of-Arrival Detector data

the greatest possible airblast in case (ABTOAD, used in the Canadian experi-

of an accident or in predicting airblast ments). The results are thus firmly

for events at very shallow depths. There- founded on several independent sources,

fore, a surface burst overpressure curve and should be reliable to AP5 - 3000 mbar.

is included. This curve is based on the The experimental results have been tab-

most recent data from the Canadian ulated, then scaled to a yield of W = 1.0 kt

Distant Plain and Prairie Flat operations, at an ambient pressure P = 1000 mbar.

and from the Sailor Hat events. These The experimental and scaled results are

experiments cover the yield range from listed in Tables C26 through C30.

50 to 500 tons, and most were near-surface

TNT hemispheres or similar configurations. 'Tables C26 through C30 are presented

SOverpressures derive from several differ- in Appendix C.
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Individual scaled points for all experi- falls below the surface burst curve, as

ments are plotted in 'Fig. 29. expected. Sample AP values along the

A pessimistic mean curve has been IBM curve are listed in Table 6. The

fitted through the individual points in IBM curve refers to 'ree-air explosions,
Fig. 29. This carve, shown in Fig. 30, and cannot be used in predicting surface

will be used for predictions. Several bursts.

points from the Distant Plain experiments

have also been included in the figure. TNT PREDICTIONS

These points are included because they

come from a "good" series of 20-ton ex- To predict overpressures from any

periments, and fall well below the fitted TNT surface detonation, use the upper

curve. The theoretical 1-kt nuclear free-

airburst overpressure curve (IBM Prob- *More complete data for the IBM curve

lem M) is also plotted for comparison. It are given in Table C31 (Appendix C).

106I

10O5 0 ji

IBM Problem M

4 ~curve,
100

* Distant Plain Event 05

0 l3 * Distant Plain Event 3 " '

* Sailor Hat, 5.2a, Event B
0 ,* Sailor Hat, 5.2a, Event B, aerial

I0 o Sailor Hat, 5.2a, Event C
"a-< A Sailor Hat, 5.2a, Event D

U Sailor Hat, 1.1
0 o .0ilor Hat, 1.4

* Distont Plain Event 6

100 1 Prairie Flat - anomalously high due to
jets at close-in ranges

101  I

101 102 103  104 105

Scaled range, Rs - ft/kt1/3

Fig. 29. Chemical explosive surface-burst overpressures (scaled to 1.0 kt at
1000 mbar).
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106

S105 on Prediction curve
100 A.P sfor surface burst

S102,

E

•101 0 Distant Plain Event 5

i0• ~100

10.-I I I I I

1 101 102 10 3 10 4 10 5

12 Scaled range, R ft/kt1/3j

Fig. 30. General prediction curve for chemical explosive surface-burst overpressures.

Table 6. Sample points selected from curve in Fig. 30. This curve gives
IBM Problem M curve, for AP as a function of scaled
free-air bursts only. surface burst

Srange R (ft/ktl/3), scaled to 1.0 kt at

0  P0 = 1000 mbar. It may be scaled back to
CS = 1139 ft/sec sonic velocity

Yield = 1.0 kt nuclear 1/3 any desired yield and ambient pressure
Rm scaled range, in fttusing the scaling relations in Section 5.

APm = IBM curve overpressure, in mbar
S1Prediction should be accurate for all TNT

Rm (ft/ktl/3 ) APm (mbar) surface bursts, where W = 1 to 1000 tons.

9000 25.5

50 ANFO PREDICTIONS
5000 54.0

S2000 1761000 491 The above prediction method using

500 1930 Fig. 30 applies only to TNT and similar
•"200 17800 explosives. Overpressure data are now

available from three ANFO surface
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- Normal TN':'chemical explosive cur/e
(included for comparison qnly) \

1104

* ANna 20-ton experiments
* ANFO 100-ton experime nt

101 AAluminized ammonium nit'rate slurry, from
10Trndad ]:-ton near-surface experiments B-10 through B-13

100 p R" 2 approximation at: ! long ranges -,/.

10 10e 10 104  10

Scaled range, R - ft/ktl'

Fig. 31, Surface-burst overpressures for 4NFO and aluminized AN slurry explosives
(scaled to 1.0 kt at 1000 mbar).

bursts. These d ta have been scaled to indicate that aluminized ammoninmm

1.0 kt at 1000 mbar. They are tabulated, nitrate slurry explosivt produces greater

in Table C30 anl plotted in Fig. 31. The airblast than does ANFO. Overpressure

normal TNT chemical explosive curve is data from these experiments (B-10

also plotted for comparison. ANFO \ through B-13) are compiled in Table C22,

overpressures lie below the TNT curve and the scaled data points are plotted in

at;close ranges, and approach it near Fig. 31. These points are at relatively

Rs 4500 ft/kt1/3. The individual ANFO long scaled ranges and refer to very

points in Jig. 31 may be scaled to predict small yield (i-ton) events. A great deal

future ANFO surfac4 bursts, of scatter is evident,. but the individual

ALUMINIZED AN SLURRY measuremer Ls fall around or slghtly
PREDICTIONS above the 'iNT surface burst curve. The

Recent results from four Project points for the surface and shallowly

Trinidad 1-ton near-surface detonations buried detonations are higher than those
S~-55-
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for tJe slightly elevated events, irdicat- spherical shock wave propagation as

ing that the reflected blast epergy is compared to a spherical free-air shock
more efficiently coupled into the peak wave). This ideal condition is evidently

overpressure pilse if the detonation is at not fulfilled f'r the elevated events.
or somewhat below the surface. TheoL However, the difference bltween surface
retically, one would expect doubling of and slightly elevated events is small

the ree-air burst energy- at a given compared to the scatter of the dat4 points.

scalpd range from a surface event (hemi- It is recommended that the TNT surface

,burst curve (Fig. 30' be scaled to predict1T hat is, doubling of the effective yield all aluminized ammonium nitrate slurry
W, not of the overpressures. surface and near-surface events.
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Summary F?
Two procedures have been developed transmission factors. The range-

for predicting the ground-shock-induced dependent transmission factors are de-

and gas-vent airblast overpressures from termined as a function of depth of burst,

single- and multiple-charge subsurface medium, and explosive.

detonations of chemical and nuclear explo- Both transmission factors are deter-
sives. Both procedures are empirical, mined relative to a standard line, the
and are based on field-measured data for RS 2 line, which has an attenuation rate

large-yield chemical and nuclear deto- of and passes through a point at a

nations, scaled range of 9000 ft/kt1,- / where the

Onp procedure, valid for ranges gen- overpressure is 25.5 mbar for an am-

erally of interest in making airblast bient atmosphere of 1000 mbar. Use of

safety predictions, employs transmission the standard line simplifies the predic-

factors which are dependent on the depth tion calculations, because the slope of

of burst, the geologic medium, and the the line is constant rather than varying

type of explosive. The transmission as is the case with procedures that em-

factors correctly predict airbiast over- ploy an air- or surface-burst line as the

pressures from ground-shock at ranges reference.

greater than 200 to 600 ft/kt1/3 and from The empirical prediction m.thods pre-

gas vent at ranges greater than 1000 to sented are well-founded for the types of

3000 ft/kt1 /•. At locations closer to SGZ, events which have been extensively inves-

overpressures will be overpredicted tigated. Their chief weaknesses lie in

(safesided). the prediction of detonations employing

The second procedure permits predic- new types of explosives or of detonations

tion of the airblast overpressures in the in media for which data are not available
close-in region for detonations near opti- or are insufficient to provide a suitable

mum depth by use of range-dependent empirical base.

= 1 i
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S~Appendix A

Anomalous Results for Large-Yield NuclearExperiments in Moist Media

As noted in the text, there are serious tion and energy transfer into airblast
problems with moist or we' medium should be roughly similar for Sedan and

nuclear gas-vent overpressures. The chemical explosive experiments.

relevant data come from only three ex- Vortman's interpretation of the Sedan

periments, Sedan and Teapot ESS (both in vent is quite interesting, but seems in-

alluvium), and Schooner (moist rock), complete on certain points. Sedan vented

These data are difficult to interpret, but at a scaled time [t/(W)1/3] consistent

indicate very large gas-vent overpres- with or slightly earlier than the venting

sures, particularly for Sedan. times observed for chemical explosive

The Sedan Event gave a very sharp experiments in alluvium. There is no

gas-vent pulse of short scaled duration, immediate explanation of why the cavity

a waveform more similar to surface volume should be relat:vely smaller and

bursts than normal buried detonations, pressure higher at this time. In reality,

The peak overpressure at a given scaled it is probably difficult to compare .he

range was significantly higher than that cavity histories of nuclear and chemical

expected for similar chemical explosive explosive detonations in this manner.

experiments (of. Scooter, Stagecoach III, They have very different early-time

and others near the same dob). However, behavior. The chemical event quickly

the integrated impulse under Sedan's produces its own volume of reaction

sharp, brief overpressure pea' .. gases and behaves in a fairly consistent

about equal to the correspondh..o scaled way. Nuclear detonations like Sedan

impulse under Scoote broader peak. must shock the surrounding medium,

These facts tugge" that Sedan's vent producing steam. The cavity gas

transferred W ... e same fraction of equation-of-state history will depend on

total energy o .is airblast wave. The how much gas gets into the cavity, and

transfer occurred over a shorter scaled how quickly. There may be strong
time period, producing a higher peak medium-dependent effects involved.

pressure. Vortman1 9 has suggested that Steam boosting is apparently quite im-

the Sedan cavity vented when its scaled portant to the nuclear explosive vent,

size was small ana pressure relatively and it is not completely analogous to

high-perhaps through a large vent. chemical explosive gas production.

Such circumstances could explain the There is no accurate way to compare the

short duration and high peak pressure, two types of events short of obtaining

The main requirement is that scaled actual medium-dependent cavity pressure

energy stored in cavity gas at venting be histories from nne of the computer cra-

about equal for Sedan and Scooter. tering codes. Even the codes would pro-

According to this view, total gas produc- vide reliable answers only for those
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events in which they are known to work- = 137 ft/kt13 in wet alluvium). The

in other words, for those previously ob- gas-vent airblast data from these events

served events with established cratering may be crudely compared by using the

parameters that have been related back transmission factor f-values at certain

to the code's working procedure, scaled ranges (fmax values cannot be

This point brings up the third and compared because the Sedan overpres-

most important difficulty with the Sedan- sure data do not extend to intermediate

type events. It has been suggested that ranges, and some of the limited close-

high Sedan overpressures may be evi- range data are of dubious quality; see the

dence of a nonscaling effect. In other Sedan report ). The depth of burst

words, the mechanisms producing air- dependence must first be removed from

blast do not follow simple cube root seal- the f-values by approximately normaliz-

ing, but give rise to relatively stronger ing them to some convenient dob (e.g.,

peak venting pressures for large yield dob - 150 ft/ktl/3). The dob dependence

detonations. Perhaps these nonscaling of f for nuclear bursts in various media

effects are also responsible for the pecu- is not precisely known, so even this pre-

liar waveform of the Sedan vent. The liminary step cannot be reliably accom-

nonscaling question is not academic; plished. However, a rough comparison

effects of this sort could vastly increase of f-values for the above four experi-

damaging overpressures from megaton- ments, at scaled ranges R s ;- 600 and

size detonations of the type proposed for Rs ; 1000 ft/ktI/3 does show a strong

large civil works projects such as the apparent yield dependence effect. Sedan

Atlantic-Pacific Interoceanic Canal. Un- has the highest f-values by a large mar-

fortunately, the data currently available gin. This apparent yield effect may be

are not sufficient to support a definitive clearly demonstrated by plotting normal-

empirical study of yield effects. Another ized f-values as a function of yield in a

large detonation (;1 megaton), preferably log-log graph. Straight line fits through

in a medium similar to Sedan, is very typical points plotted for the above four

badly needed. Allowance should be made events give f-values which increese

for possible large overpressures in plan- dramatically with increasing yield. In

ning and calibrating the airblast experi- fact, the fitted lines would indicate that

ments. f- 1.0 for yields of 625') to 780"•kt (nor-

The airblast information currently molized to dob = 150 ft/ktl/ 3 ).

available from large-yield buried nuclear Estimates of f based on the above pro-

experiments unfortunately furnishes very cedure are almost certainly too pessi-

poor material for comparison, because it mistic (give excessively high f-values for

derives from four dissimilar experi- large-yield events). Most of the appareint

ments: Cabriolet (2.3 kt at dob = 130 ft/ yield-dependence is attributable to
kt 1/3 .in dry rhyolite), Palanquin (4.3 kt
at dob = 172 ft/kt1/3', in dry rhyolite), PDerived from a fit to the normalized

at3 df-values at a range Rs = 600 ftiktl/3 .

Schooner (31 kt at dob = 113 ft/ktI/ 3 in IDerived from a fit to the normalized
partly wet basalt), Sedan (100 kt at dob f-values at a range Rs 1000 ft/ktl/3 .
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Laedium effects- Cabriolet and Palanquin indicated high f's for large-yield experi-

(zmall yields) were in dry high-strength ments are probably too conservative and

rock, Schooner (intermediate yield) was not meaningful. More airblast data are

in partly wet rock, and Sedan (large needed to settle the remaining questions

yield) was In wet alluvium. Thus, the in this area.

'6
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Appendix B
Airblast from Aluminized AN Slurry Row-Charge Detonations

in Weak Rock (Project Trinidad) and from Delayed
and Double Row-Charge Detonations

Airblast from a row of charges at a large B values observed for small-charge

given average scaled depth is greater rows (efficient airblast reinforcement)

than the airblast from a comparable sin- and the smaller 13 values observed for

gle charge at the same scaled depth of large-charge rows (B = 0.7 perpendicular

burst (dob). The increase is normally to the row, B = 0.25 off the end of the row;

measured by the "difference factor" be- inefficient reinforcement).

tween row-charge and single-charge peak Unfortunately, the experimental re-

overpressures at a given scaled range, sults (Tables C23 and C24) show great

The difference factor is directly related scatter, indicating extremely erratic be-

to the number of charges in the row n by havior, particularly for the gas-vent-

some exponential relationship nB (Sec- induced airblast. Part of this scatter is due

tion 7). The difference factors and B's to considerable variations inthe attenuation

may depend on such parameters as the rates and waveforms, even for similar

scaled intercharge spacing, the overall experiments. All close and intermedi-

size of the row (linear dimensions, not ate range peak overpressures, as well as

scaled dimensions), and the direction the calculated f-values, are listed in

(azimuth) from the row. The value of B Tables C23 and C24. Again, due to in-

is usually largest for closely spaced completeness of the data, it was neces-

charges, for small-size rows (small- sary to calculate an f for each observed

yield experiments), and for the direction overpressure rather than use a fitted

perpendicular to the axis of the row. curve. A maximum observed f-value was

Other parameters which may affect the selected for each gage line on each row.

derived value of B include the explosive The maximum values were found at scaled

and medium, the dob, the peak overpres- ranges between 3700 and 37,000 ftlkt1/3.

sure AP (absolute strength), the range at Maximum f-values off the ends of the rows

which overpressure is measured, and the tended to fall at fairly long scaled ranges,

number n itself (indicating that a simple once more showing the relatively slower

nB dependence is inadequate to describe combination of widely separated over-

the difference factor). It was hoped that pressure peaks off the ends of the rows.

some simple nB law could be discover -d The closest overpressures were rela-

to fit the Trinidad, Colorado experi- tively low and close-in attenuation rates

ments,I1 just as for previous tests (Sec- were less than R"1.2 for most off-the-end

tion 7). Trinidad experiments fell be- measurements. The perpendicular meas-

tween the large-charge detonations (Buggy, urements, on the other hand, showed

Dugout) and the small-charge tests in slightly more efficient combination of the

yield and actual row size. Therefore, the overpressure peaks at all ranges, pro-

B's might be expected to lie between the ducing somewhat greater reinforcement
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(higher f-values), and the maximum of scatter, with the gas-vent results

f-values were reached at closer scaled being less consistent than ground-shock

ranges. Detailed discussion of the indi- values. In fact, both sets of values vary

vidual experiments may be found in from near zero (near single-charge air-

Ref. 11. blast) to almost 1.0 (perfect acoustic

The maximum f-value for each gage reinforcement between the expected peak

line was compared to the corresponding single-charge signals from all charges in

single-charge fmax at the same average the row). Variability of this order indi-

dob (from Fig. 16). Difference factors (nB cates true differences between the behav-

row-charge f max/single-charge f ax) ior of individual experiments rather than

were calculated for each row-charge a flaw in the single-charge fitted fmax

f max. The "best fit" single-charge values.

curves were used in these calculations,* Calculated B values are plotted as a

Finally, the values of B were determined, function of dob in Figs. Bla and Blb.

Results are listed in Tables B1 (ground- Ground-shock-induced values, perpen-

shock-induced airblast) and B2 (gas-vent- dicular to and off the end of the rows,

induced airblast). The calculated B val- and gas-vent-induced values, perpendic-

ues obviously show an enormuous amount ular to and off the end of the rows, are

plotted separately for clarity. This plot
A The lower (or "best fit") gas-vent should reveal any dob dependence of the

fmax curve in Fig. 16 was used to obtain calculated B values, thus showing any
the gas-vent fmax values as a function of
dob. inadequacies of the fitted single-charge

r1 "r Ir II.0 - '
Ground-shock-induced airblast, Ground-shock-induced, off

perpendicular to row end of row
.. 1.0 0- • e- 0.0

"0.5-

o 0.
Wu • 25-sec delay,

S0.5 - off final end of row

E Downhill, D-1 Eu u

1. Uphill, D-1 - 0.2-

- 0.2 a
/-0.025-sec delay,

0.1 off starting end of

-All delayed row1 il~~~~~~~events < 0 I••AI00-e ea <
0. L I 0.06 1.I j <

170 190 210 230 250 270 290 170 190 210 230 250 270 290

darb a ft/kt /3

SFig. Bla. Row-charge ground -shock- induced airblast reinforcement exponent B as a
• function of eab for Trinidad experiments.

-•-: -62-



.. .I .I I I I I I I Ii
Gas-vent-nduced airblast, Gas-vent-induced, off
perperdicular- to row end of row

\0.025-sec delay off final

1.0-- . 1,0- end of row

0.05-sec delay 0
S0.025-ec 0.5a0.05.sec delay, off

a ae both ends of row

u E

440.025-sec delay,
f5/ off starting end

/0. 025-aec/ orw
"g / delay

._ 0.2 0.2-

< D-1 Event, D-2 Event < 0
uphill and downhill S-C2 Event =-0

measurements , 0
0.1 I I I 0.1 I

170 190 210 230 250 270 170 190 210 230 250 270

dob - ft/kt1/3

Fig. Blb. Row-charge gas-vent-induced airblast reinforcement exponent B as a func-
tion of dob for Trinidad experiments.

fmax curves (Fig. 16) used to calculate intercharge spacing, as expected, but

the row-charge difference factors. It again no strong or consistent correlation

should also uncover any shock-strength is found.

dependence of the row-charge signal re- A few experiments were atypical in

inforcement efficiency (shallower bursts configuration and deserve separate corn-

give stronger airblast). No correlations ment. The Trinidad, Colorado D-1 ex-

are apparent in any of the scaled depth periment (9-charge row) was conducted

graphs. Next, the B-values are plotted on a sidehill slope. Perpendicular gage

as a function of the number of charges in lines were used both uphill and downhill
the row, n (see Figs. B2a and B2b). This from the row. Results show no really

figure should show any n dependence of significant difference in the peak over-

the reinforcement, revealing systematic pressures between the two directions,

inadequacies of the assumed exponential although the uphill results are fraction-
nB law. No significant correlation is ally higher in most cases.

found. Finally, B is plotted as a function Two of the experiments were double

of average scaled spacing between the rows. The C-6 consisted of two si-nul-

charges in each row (Figs. B3a and B3b). taneous 5-charge rows separated by 39 ft.

This is the quantity expected to correlate In spite of the wide separation, very

most strongly with row-charge airblast strong reinforcement occurred between

reinforcement. The gas-vent B values the respective ground-shock-induced sig-

appear to decrease slightly with increased nals from the two rows and between the
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SGround-shock-induced airblst, 10
perpendicular to row 2ound-hock nduced,

5 1 - U off end of row
D U l 0.025-sec delay!off final end

5 0.5-*
E D-1I EU L.Downhll da 0 All -. 05-se

2 delay events <0

" 0.,- -7.00 .00.2 O.025-sec delay_All delayed . 0-1 off starting e
events <0 L.I

< I i I
0. 2 5 10 

2 5 10
Number of charges in row, n

Fig. B2a. Row-charge ground-shock-induced airblast reinforcement exponent B as a
function of number of charges in row, n, for Trinidad experiments.

Gas-vent-induced airblast, Gas-vent-induced, off
perpendicular to row end of row

COO

. 1.1 0.05-sec delay,
X x off both ends

" 0.025-sec delay0.5- O,--O.05-sec E 0.5 nal end
• r, e' deay • 0. -" off final end l

e,' delay
U •o • , 0.025-sec delay

0 
C off0."-.5- eoff start ing end \- • ,"0 / O025-sec .S•" / deaya 0.2 -

-2 0.2-
4- i0

Uphill and downhill, D-2 and C-2 <.
D-1 Event <0,1S0.1 - I I 1 0.1 ,- I7

2 5 10 2 5 10

Number of charges in row, n

Fig. B2b. How-charge gas-vent-induced airblast reinforcement exponent B as a func-
tion of number of charges in row, n, for Trinidad experiments.

gas-vent signals from the two rows. values were high in spite of the ailowance
Therefore, the B-values were calculated for ten charges. The reason for the very
on the basis of n = 10. Both airblast strong reinforcement is not known. The
aignals from this experiment were ex- Pre-Gondola I11, Phase I nitromethane
tremely strong, and the calculated B detonation in saturated clay shale gave

"-64-



I I I I I- I I Ij
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Fig. B3a. Row-charge ground-shock-induced airblast reinforcement exponent B as a
function of average scaled intercharge spacing for Trinidad experiments.
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Fig. B3b. Row-charge gas-vent-induced airblast reinforcement exponent B as a func-
tion of average scaled intercharge spacing for Trinidad experiments.
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virtually no reinforcement between to each row separately; for close double

ground-shock-induced signals from two rows, use n = number of charges in both

rows (seven 1-ton charges in each row, rows. This procedure should give safe-

at dob = 195 ft/ktl/ 3 ). However, the sided airblast predictions.

Pre-Gondola rows were 1200 ft/kt1/3 The Trinidad experiments also pro-t 1/3
apart, as compared to 390 ft/kt for vided the first accurate information con-

,the C-6 rows. It seems probable that cerning airblast suppression by delayed

closely spaced double rows (much closer detonation of the charges in a single row.

than Pre-Gondola III, Phase I) will The 5-charge C-4 row (0.05-sec inter-

always give strong airblast reinforce- charge delay) and the 5-charge C-5 row

ment; therefore, in predicting airblast, (0.025-sec intercharge delay) gave usable

it is necessary to use the total number of airblast measurements which can be com-

charges in both rows for n. pared to similar single-.charge and

The other Trinidad double row, D-3, multiple-charge events. The fmax and B

contained six charges in each row. The values for rows C-4 and C-5 give the

rows were 40 ft apart (or about 337 ft/ following indications:

kt /3 scaled separation). However, Ground--Shock-Induced Airblast,

there was a. 0.25-sec delay between the Intercharge delays:

rows. Sound travels over 250 ft in Perpendicular to the row, delays

0.25 sec, equivalent to a scaled distance - 0.25 sec/kt 1 /3 : AP (row charge) = AP

of about 2100 ft/kt1/3 for this case. This (single charge).

delay proved sufficient to prevent strong Off the starting end of the row (end at

reinforcement between the signals, and which the detonation sequence is begun),

all data were reduced on the assumption delays _• 0.25 sec/ktl13: AP (row charge)

that n = 6 (number of charges in one row). = AP (single charge).

The ground-shock signal perpendicular to Off final end of the row (end at which

the 2-ton row was superimposed on a the detonation sequence is concluded):

negative phase from the 1-ton row,* and Delay = 0.25 sec/kt1 /3 : AP (row

was th6 only signal which could not be charge) = predicted AP (row charge for

separately identified. These results no delay).

support the conclusion that double rows Delay > 0.5 sec/ktl /3: AP (row

at wide separation do not cause rein- charge) A? (single charge).

forced airblast (row separation must be

>1100 ft/kt1 /3; or there must be an inter- Gas-Vent-Induced Airblast,

row delay time equivalent to the time re- IntercHarge delays:

quired for sound to travel this far). The Perpendicular to the row, delays

conclusion: for wide separation or long > 0.25 sec/kt 1/3 : AP (row charge)

delay times, use n = number of charges • n 0 5 to n0 5 5 AP (single charge).

in each row, and predict the airblast due (This is an estimate.)

*The Off both ends of the row, all delays:*Te1-ton row was closer to the per- P(ochre=pedtdAPrw

pendicular gage line, and its signal AP (row charge) = predicted AP (row

arrived first, charge for no delay).
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These results should apply most accu- Off the end of the row:

rately to events similar to C-4 and C-5

(dob - 204 ft/kt1/3 in sandstone; charge AP (row charge) = n0 AP (single

spacing s 250 ft/kt1/3). However, they charge).

* provide guidelines for predicting airblast Prediction for Double Rows:

from all delayed row-charge detonations. At close interrow spectrum (=350 ft/
•. At3 ulse ntherabove spredction (=chemet

Ground-Shock-Induced and Gas-Vent- ktl/ ), use the above prediction scheme

Induced Airblast, Simultaneous Row with. n = number of charges in both rows.
Charges: At wide row separations (? 1100 ft/kt1/3)

Accepted mean data from Tables B1 or long interrow delays (>- 1.1 sec/ktl/3),

and B2 are summarized in the following use n = number of charges in each row to

prediction scheme. This scheme applies predict the peak overpressures from each

to all simultaneous aluminized AN slurry row separately. The pulses from the two

row-charge events near optimum spacing rows will not combine, and no reinforce-

(160 to 350 ft/ktl/3) in sandstone or weak ment is expected either perpendicular to or

rock. The results must be considered off the end of the rows. However, partial

approximate at best. First, make a reinforcement may occur in certain situ-

normal single-charge airblast prediction ations if the total row length exceeds the

using Fig. 16. Then: product of the delay time (in seconds,

unscaled) and the local sonic velocity.

Ground-Shock-Induced Overpressures: There is currently no good experimental

Perpendicular to the row: evidence for rows this long. Reinforce-

ment may also be expected for delayt d

AP trow charge) = n0 .7 5 AP (single double rows in directions such that the
charge). delay is not sufficient to prevent over-

Off the end of the row: lapping of the pulses (for example: in the

perpendicular direction closest to the

AP (row charge) = n0 . 5 AP (single last of the two rows detonated, the pulses
charge). arrive somewhat closer together and may

tend to overlap).
Gas-Vent-Induced Overpressures:

Perpendicular to the row:
Prediction for Delayed Charges in a

AP (row charge) = n0 . 6 AP (single S'inge Row:

charge). See the discussion above concerning

*The single-charge predictions are airblast for intercharge delays.

performed using the mean yield and the
"mean dob for the individual charges in
the row. Delay time between the two rows.
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Table Bi. Ground-shock-induced overpressure reinforcement correction factors for
Trinidad row-charge detonations.

AP (row charge) = nB AP (single charge at same scaled range).
Parentheses indicate alternate or uncertain value.

Differenc
Event n Direction factor, ng B

C-I 5 Perpendicular to row 2.44 0.554
Parallel to row 1.60 0.292

C-2 5 Perpendicular to row 3.31 0.744
Parallel to row 1.23 0.128

C-3 7 Perpendicular to row 3.08 0.578
Parallel to row 2.30 (1.51) 0.428 (0.212)

C-4 a 5 Perpendicular to row (0.622) <0
Parallel to starting end (0.727) <0
Parallel to final end (0.781) <0

C- 5 Perpendicular to row (0.850) <0
Parallel to starting end 1.13 0.076
Parallel to final end 2.29 0.515

C-6 1 0 c Perpendicular to row 4.90 0.690
Parallel to row 3.21 0.506

D-1 9 Perpendicular to row, uphill 8.42 0.97
Perpendicular to row, downhill 6.83 0.874
Parallel to row 2.46 0.41

D-2 5 Perpendicular to row 4.55 0.940
Parallel to row 3.56 0.789

"D-3 6d Perpendicular to 1-ton row 0 07 0.784"Parallel to 1-ton row ,13 0.0686! 6e Perpendicular to 2-ton row --

Parallel to 2-ton row 2.42 0.493

aDelay = 0.05 sec.

bDeJay = 0.025 sec.

CDouble row, treated as one row of ten charges.
dOne-ton charges.

eTwo-ton charges.
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Table B2. Gas-vent-induced overpressure reinforcemeiut correction factors for Trini-
dad row-charge detonations.

AP (row cha~rge) = nB AP (ýingle charge at same scaled range).
Parentheses indicate alternate or uncertain .alue.

1 13~ifference i

Event n Direction Tactor, nB B

C-1 5 Perpendicular to row 1.63 0.304
Parallel to row 1.19 0.108

C-2 5 Perpendicular- to row 1.80 0.365
Parallel t0 row (1.0) (0)

C-3 7 Perpendicular to row 3.50 0.644
Parallel to row 1 2.16-2.44 0.396-0.459

C-4a Perpendicular torow 2.03 0.44b

Parallel to starting end 2.37 '0.536
Parallel to final end 2.33 0.526

C-5c Perpendicular to row ;1.36 0.191
Parallel to starting end 11.50 (1.21) 0.252 (0.118)

4 Parallel to final end 1.95 0.415
I

C-6 1 0 d Perpendicular to row 9.26 (5.42) 0.966 (0.734)
Parallel to itow 5.66 (4.42) 0.753 (0.645)

J-I 9 Perpendicular to row, uphill (1.0) (0)
Perpendicular to row, downhill (0.505) <0
Parallel to row 1.26 0.105

D-2 Perpendicular to row 3.67 0.808SParallel to row (0.88) <0

e1

D-3 6 Perpendicular to 1-ton row 3.05 0.622
1u1,rallel to 1-ton row 1.73 0.306

6f Perpendicular to 2-ton row 2.92 0.598
Parallel to 2-ton row 1.62 0.269

PDelay =v0.05 sec.
Highly questionable because f very rdpid attenuation of the gas-vent overpressures

with distance perpendicular to C-4 row.
I Delay = 0.025 sec.
d Double row, treated as one row of ten charges.
eOne-ton charges.

fTwo-ton chardes.
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"Appendix C

Tables C1 through C31, Airblast Overpressure Data

for Buried and Surface Detonations

and for IBM Problem M Theoretical Free-Air Burst Calculation

I'

iPrecoing page blank
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Table CI. Sulky, 0.085-kt nuclear, basalt, dry (Ref. 20).

DOB 90 ft dob = 204.8 ft/ktl/3 P 0 = 850 mbar
(depth of burst, in ft) (scaled depth of burst) (nominal ambient pressure)

Observed data scaled to
Observed data 1.0 kt at P 0 = 1000 mbar Data from fitted curve

Distance RI ft Rs " ft5

(ft) AP (psi) ktFs) A (mbar) (kt 1)Aps (mbar) f(Rs)

A. Ground Shock

165 0.131 355.5 10.65 400 10.0 0.00935

361 0.0601 778 4.88 600 6.25 0.00950

820 0.0195 1768 1.58 1000 3.40 0.00955

1772 0.0085 3820 0.69 5000 0.51 0.00989

3772 0.0035 a 8130 0.284 10000 0.22 0.00978

B. Gas Ventb

165 0 967 355.5 5.44 300 6.5- 0.00431-
7.75 0.00513

361 0.0294- 778 2.39- 1000 1.79- 0.00503-
0.038 3.09 2.11 0.00593

820 0.0095- 1768 0.772- 10000 0.151- 0.00671-
0.0126 1.023 0.178 0.00791

1772 0.00425- 3820 0.345-
0.00661 0.537

3772 0.00234- 8130 0.190-
0.0028 0.227

aCorrected for drift.

bEstimates of pressure pulse amplitude, pulse barely returned to ambient pressure

due to superimposition on negative phase (estimates are based on amplitude above min-
imum negative pres-,ure, and amplitude above estimated extrapolated negative pressure
phase tracing).
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Table C2. Palanquin, 4.3-kt nuclear, rhyolite, dry (Refs. 8,9).

DOB = 280 ft dob = 172.2 ft/ktl/ 3  P 0 = 850 mbar

Observed data scaled to
Observed data 1.0 kt at P0 1000 mbar Data from fitted curve

Distance ( (ft\arf
(ft) AP (psi) APs (mbar f)(Rs)

A. Ground Shock A

21 0.62- 12.2 50.3-60 20 51 0.00133 0.1950.74a

328 0.248 191 20.1 80 29.1 0.00393 0.575 -4

705 0.087 410 7.06 100 25.1 0.00445 0.651

1575 0.0193 91( 1.567 200 14.6 0.00597 0.872

3280 0.0079 1910 0.642 300 19.9 0.00656 0.96

7380 0.0053 4295 0.4305 600 4.5 0.00684 1.0

1000 2.36 0.00661 0.966

5000 0.341 0.00661 0.966

B. Gas Ventb

328 0.073 191 5.93 200 5.55 0.00227 0.376
705 0.0307 410 2.49 300 3.60 0.00238 0.394

1575 0.0162 917 1.315 603 1.94 0.00295 0.489

3280 0.0049 1910 0.398 1000 1.24 0.00348 0.577
7380 0.0046 4,295 0.3735 2000 0.68 0.00439 0.727

5000 0.312 0.00603 1.0

aTrue ground-shock overpressure at 21 ft from SGZ; a later overpressure of FI.52 psi

was observed at a time corresponding to an anomalous gas vent through a pipe near
SGZ.

bSuperimposed on negative phase.

-
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Table C.Danny Boy, 04-tnuclear, baat dry 1-Z21)
,, DOB = 110 ft dob = 146 ft/kt/3 P0 = 838 mbar

Observed data scaled to
Observed data 1.0 kt at P0 = 1000 mbar Data from fitted curve

Distance Rs kkt7--3
Dit) Ap (psi) s (t ) As (mbar) APs (mbar) f(Rs)

A. Ground Shock

200 0.255 250 21 200 22.2 0.00905

265 0.16 331 13.18 300 16.1 0.01065

350 0.11 438 9.06 600 9.43 0.0144

470 0.12 587 9.88 1000 6.35 0.0178

j630 0.075 788 6.18 5000 1.79 0.0347a

840 0.045 1050 3.71

840 0.080 ?? 1050 6.59 ??

1120 0.055 1400 4.53

3100 0.027 3870 2.22

"B. Gas Vent

265 0.04 ? 331 3.3 f-value =
0.00245

350 0.02 ? 438 1.65 f-value =
0.00173

470 0.03 ? 587 2.47 f-value =
• 0.00367

a 0 . 0 3 4 may be high; slope is unrealistically shallow, not consistent with later exper-

iments.
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I •Table C4. Cabriolet, 2.3-kt nuclear, rhyolite, dry (Ref. 1).

DOB 170.75 ft dob = 129.3 ft/ktl3 P0 = 840 mbara

Observed data scaled toSObserved data 1.0 kt at P0 = 1000 mbar Data from fitted curve

• Distance R [ft \ t
- D(ft) AP (psi) S(kt-') APs (mbar) S(kt- ) APs (mbar) f(Rs) f/fmax

A. Ground Shock

3 1.45 2.2 119 10 109 0.00122 0.093
100 0.887 71.6 72.8 30 87 0.00362 0.276

1 200 0.641 143 52.6 80 66 0.0089 0.68

397 0.244 284 20.04 150 44 0.0127 0.97

800 0.116 572 9.53 300 19.6 0.0130 0.99

1447 0.046 1035 3.78 600 8.6 0.0131 1.0

3300 0.0204 2360 1.675 1000 4.55 0.0128 -

6000 0.0087 4290 0.715 5000 0.6 0.0116 -

- B. Gas Vent

100 0.115 71.6 9.45 80 9.6 0.00130 0.127

200 0.121 143 9.94 100 9.8 0.00173 0.168

397 " 0.106 284 8.71 200 9.2 0.00375 0.364

800 0.051 572 4.19 300 8.0 0.00529 0.515

1447 0.028 1035 2.30 600 4.4 0.00670 0.653

3300 0.0135 2360 1.109 1000 2.60 0.00729 0.710

6000 0.0062 4290 0.510 2000 1.30 0.00839 0.816

5000 0.53 0.01027 1.0

aExtrapolation of meteorological observations to Cabriolet SGZ indicates that P 0

802 mbar would have been a more appropriate ambient pressure; technically, P 0 atf each gage station should be used (we will retain these values).
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Table C5. Dugout, 20-ton chemical explosive row charge, five charges of 20 tons each,
nitromethane in basalt, dry (Refs. 15, 16, 22).
DOB = 59 ft dob = 217 ft/ktl/3 (spacing " 45 ft) P0 = 350 rbar

Use n = 5 charges in row.

Observed data scaled to
Observed data 1.0 kt at P0 1000 mbar Data from fitted curve

Distance R -ft t
(ft) AP (mbar) 13\ktl-3  APs (nibar) AP, (mbar) f(1s)

A. Ground Shock I to rowa

171 28.04 597 33 600 30.0 0.0457

351 9.75 1225 11.47 1000 17.5 0,0492

850 5.75 2968 6.77 5000 2.75 0.0533

2300 1.42 8030 1.67 10000 1.22 0.0542

5000 0.52 17450 0.612 15000 0.77 0.0557

B. Grourd Shock to rowb

171 11.39 597 13.40 600 13.5 0.0206

354 4.94 1235 5,81 1000 8.0 0,0225

1510 1.57 5270 1.846 10000 0,70 0.0311

2300 0.94 8030 1.106 15000 0.455 0.033 3
3410 0.40 11900 0,471

4600 0.33 16050 0.388

C. Gas Ventc I to row

171 9.8 597 l1.o3 600 11.7 0.01780

351 3.48 1225 4,10 1000 6.5 0.01825

850 1.63 2968 1.917 5000 1.0 0.0194

2300 0.46 8030 0.541 10000 0,45 0.020

5000 0.19 17450 0.224 15000 0.295 0.021

D. Gas Vent II to r-owd

171 4.58 597 5.39 600 6.6 0.01005

354 2.44 1235 2.87 1000 4.0 0.01124

850 0.772 2968 0.908 5000 0.82 0.0159

1510 0.842 5270 0.99 10000 0.41 0.0182

2300 0.53e 8030 0.624 15000 0.275 0.0199

3410 0.215 11900 0.253

4600 0.188 16050 0.221

aGround shock fmax = 0.0557 1 to row

fmax (corrected to single charge) 0.0557 13.085 = 0.018.
bGround shock fmax = 0.033 11 to row

fmax (corrected to single charge 0,033/1.495 - 0.022.
CGas vent (superimposed on negative phase)

fmax - 0.021 1 to row

d fmax (corrected to single charge) = 0.021/3.085 = 0.0068.
dGas vent fmax = 0.0199 11 to row

fmax (corrected to single charge) = 0,019912.626 - 0.0076.

Note: The above corrections to single-charge values are accomplished using the follow-
ing relations:

A P (row) n 0 . 7 .1P (single charge) I to row, ground-shock and gas-vent

AP (row) n0 .25 A-' (,|ingle ,'harge) 11 Io row, ground-shock overpressures

AV (row) - n 0 6 AP (single charge) 11 to row, gas-\,,nt overpressures.

2eage W-701-2 slightly off: weight W-701-1 more heavily.

-76-



[I
Table C6. Buggy I, l.1-kt nuclear row charge, five devices of 1.1 kt each, basalt, dry

medium (Ref. 23).

DOB = 135 ft dob = 130.5 ft/kt1/3 P0 = 846 mbar

Use n = 5 charges in row.

Observed data scaled to
Observed data 1.0 kt at P0 = 1000 mbar Data from fitted curve

"l __ ft_ ftDistance Rs G
(ft) AP (psi) 77y1 3  AP, (mbar) S\kt7J Aps (rmbar) f(Rs)

A. Ground Shock I to Rowa

512 0.206 469 16.8 450 18.9 0.0203

1002 0.161 918 13.1 600 16.8 0.0255

2459 0.0493 2250 4.02 1000 11.5 0.0323

4078 0.0389 3740 3.17 5000 2.15 0.0417
5960 0.0229 5450 1.87 10000 1.05 0.0467
6598 0.0152 6040 1.24

7760 0.0145 7100 1.18

B. Ground Shock I to Rowb

500 0.073 458 5.96 450 5.95 0.0064

990 0.043 906 3.51 600 5.20 0.0079

1997 0,0266 1827 2.17 1000 3.70 0.0104

3729 0.0171 3415 1.40 5000 0.88 0.0171

7416 0.0091 6790 0.742 10000 0.47 0.0209

0306 0.0065 8520 0.530

C. Gas Vent I to Rowc

512 0.095 469 7.75

1002 0.075 918 6.12 450 7.9 0.0085

2459 0.020 2250 1.63 600 6.95 0.0106

4078 0.0208 3740 1.70 1000 5.2 0.0146

5960 0.0134 5460 1.09 5000 1.27 0.0246

6598 0.0092 6040 0.75 10000 0.59 0.0262

7760 0.0081 7100 0.66

D. Gas Vent to Rowd

500 0,061 458 4.98 450 5.0 0.0054

990 0.045 906 3.67 600 4.4 0.0067

1997 0.027 1827 2.20 1000 3.4 0.0095

3729 0.016 3415 1.305 5000 0.97 0.0188

74 io 0.0097 6790 0.792 10000 0.50 0.0222

9306 0.0055 8520 0.449

aGround-Hhoek fmax 0.0467 1 to row
t max (corrected to single-charge) = 0.0467/3.085 = 0.0151.

bGround-shock fmax z 0.0209 11 to row

fmax (corrected to single-charge) = 0.0209/1.495 = 0.0140.

cGas'vent fmax = 0.0262 1 to row
fmax (corrected to single-charge) = 0.0262/3.085 = 0.00850.

dGas-vent fmax = 0.0222 11 to row

fmax (corrected to single-charge) = 0.0222/2.626 = 0.00846.

Note: The above corrections to single-charge values are accomplished using the fol-
lowing relations:

AP (row) = n0'7 AP (single charge) I to row, ground-shock and gas-vent

AP (row) = n0 . 2 5 AP (single charge) 11 to row, ground-shock overpressures

AP (row) n06 AP (single charge) 11 to row, pas-vent overpressures.
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Table C7. Schooner, 31-kt nuclear, basalt, partially wet medium (Ref. unpublished).

DOB = 355 ft dob = 113 ft/ktl/ 3  P0 = 850 mbar

Observed data scaled to
Observed data 1.0 kt at P0 = 1000 mbar Data from fitted curve

Dist•ance fs ftAit) p (psi) Ws&k AP, (mbar) '&5 (Ps (mbar) f f/fmax

A. Ground Shock

21 3.18 6.3 258 10 240 0.00268 0.156

260 1.49 78.4 121 30 180 0.00753 0.435

520 0.685 157 55.6 80 108 0.0147 0.85

1040 0.238 314 19.33 100 85 0.0152 0.89

2080 0.115 628 9.34 300 26.0 0.0172 1.0

3900 0.082 1176 6.66 600 11.0 0.0168

7800 0.0318 2350 2.58 1000 5.90 0.0166

15600 0.0094 4'700 0.1 64 5000 0.83 0.0161

B. Gas Vent

1040 1.298 314 105.4 300 120 0.0794 0.520

2080 0.708 628 57.5 600 60 0.0912 0.596
7i 80t, 0.2419 2350 19.63 1000 37 0.1040 0.68

15600 0.0970 4700 7.88 2000 19 0.1226 0.8

5000 7.9 0.153 1.0

Table C8. Sedan, 100-kt nuclear, alluvium, wet (Refs. 19, 24).
1/3DOB = 635 ft dob = 136.9 ft/kt P0 = 850 mbar

Observed data scaled to
"Observed data 1.0 kt at P0 = 1000 mbarDistance Rs ft- )

(ftW 6P (psi) APs (mbar) R (kt 1) APs (mbar) f

A. Gas Vent Pulse Only

2960 1.54 106 604 125 0.191

5290 0.74 51 1080 60.1 0.185

7050 0.717 49.5 1440 58.2 0.253

15500 0.03W ? 2.42 ? 3160 2.84 ? 0.032 ?

Note: These results are of questionable accuracy; readers are referred to the Sedan

report.
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Table C9. Teapot ESS, 1.2-kt nuclear, alluvium, dry (Ref. 10).

DOB 67 ft dob 63 ft/ktl/3 P0  860 mbar

Observed data scaled to___
Observed data 1.0 kt at P0 = 1000 mbar

Distance Rs -_t___

(ft) AP (psi) }kt APs (mbar) f(Rs)

A. Ground Shock

250 0.7 ? 224 56.2 0.0261

300 0.52 ? 268 41.7 0.0240

B. Gas Vent

250 14.4 224 1155 0.536

300 14.1 268 1131 G.652

400 11.3 358 907 0.740

600 6.14 537 493 0.653

Table C10. Jangle U, underground Jangle series detonation, 1.2-kt nuclear, alluvium,
dry (Ref. 25).

DOB = 17 ft dob = 16 ft/kt1/3 P0 = 12.78 psi = 881 mbar

Observed data scaled to
Observed data 1.0 kt at P0 = 1000 mbar Data from fitted curve

Distance R s(1.3ft
(ft) AP (psi) ktI3 A.PS (mbar) Rs AP 5 (rnbar) f

A. Gas Vent

314 32.39 283 2538 450 1120 1.204

498 13.57 449 1064 700 675 1.231
500 14.39 451 1127 1000 450 1.26

680 9.90 613 776 3000 120 1.255

680 10.09 613 790

920 719 830 564
1250 5.08 1127 398

1700 3.26 1534 255

2300 2.14 2075 167.6

3100 1.70 2797 133.2

- 9
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Table Cll. Scooter, a 500-ton chemical explosive, alluvium, dry (Ref. 5).

DOB = 125 ft dob = 157.5 ft/ktl/3 P0 = 868 mbar

Observed data scaled to
Observed data 1.0 kt at P0  1000 mbar Data from fitted curve

Distance Rs tRIf
(ft) AP (mbar) kt-•) APs (mbar) s kt-'3) APs (mbar) f f/fmax

A. Gas Vent

300 33.8 360 38.9 400 36.2 0.0338 0.546

414 32.4 497 !7.3 600 27.2 0.0413 0.67

501 23.7 602 27.3 1000 17.9 0.0502 0.81

575 21.9 692 25.2 2000 9.15 0.0590 0.96

669 18.8 803 21.7 3000 5.90 0.0619 1.0

784 18.0 942 20.7

1006 12.6 1207 14,5

1040 11.9 1248 13.7

1092 11.2 1310 12.9

1168 10.1 1399 11.65

1506 8.73 1804 10.05

1524 8.55 1830 9.85

1562 7.38 1878 8.50

1618 8.21 1940 9.46

2100 5.24 2520 6.04
2500 5.86 3000 6.76

5 3 6b 3 9 . 3 b 6 4 4 b 4 5 . 3 b

6 7 5b 3 0 .5 b 8 1 0 b 3 5 . 1b

B. Ground Shock

300 11.73 360.5 13.51 300 14.7 0.00973 -

10.70 12.32 600 8.25 0.01253 -

500 7.59 601 8.74 1000 4.15 0.01163 -

6.90 7.95 3000 1.24 0.01300 -

1000c 2.83 1202 3.26 (3000) (or 0.98) (or 0.01027)

2.55 2.94

1500 1.725 1802 1.99

1.518 1.75

2500 0.966 3004 1.113

1.311 1.510

aGround shock--.unpublished data, from NOL experiment; courtesy D. N. Montan,

LLL.
bElevated (aerial) measurements.

C Approximate distance.

dDifferent fit straight line.
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Table C12. Pre-Schoonez IIa 85.5-ton chemical explosive (nitromethane), rhyolite,
Cry medium (Ref. 26).

DOB = 71 ft dob = 161 ft/kt1/3 P 0 = 850 mbar

Observed data scaled to
Observed data 1.0 kt at P 1000 mbar Data from fitted curve

Distance ft \ft \
(ft) AP (psi) Sk(k, APs (mbar) S~kt-- 3 ) .APs (mbar) f f/frax

A. Ground Shock at Ground Level

0 2.034 0 165 10 164 0.00184 0.0529

75 0.850 162 69 30 141 0.0059 0.16)5

150 0.466 323 37.8 80 96 0.0130 0.374

250 0.224 540 18.2 100 86 0.0152 0.437

350 0.161 756 13.1 300 39 0.0258 0.741

500 0.117 1080 9.5 600 20.8 0.0316 0.908

1000 0.062 2155 5.04 1000 12.1 0.0339 0.974

2000 0.028 4300 2.27 2000 5.40 0.0348 1.0

4000 0.0100 8620 0.86 5000 1.69 0.0328
7500 1.0 0.0316

B. Ground Shock, Aerial (from balloon measurements)

Observed data scaled to

Observed data 1.0 kt at P0 = 1000 mbar

0 angle from
Distance vertical to R

(ft) AP (psi) gage (deg) Skkt7) APs (mbar)

190.1 0.531 59 410 43.1

351.6 0.410 33.5 756 33.3

583 0.372 23 1260 30.2

1011.8 0.050 81.25 2177 4.06

1013.9 0.059 72.85 2180 4.79

1039.2 0.040 64.55 22410 3.25

1105.2 0.061 54.6 2380 4.95

1172.3 0.058 48.5 2520 4.71

1291 0.061 40.5 2780 4.95

C. Gas Vent at Ground I.evel
Oboerved data scaled to

Osv dt1.0 kt at -1 z 1000 mbarSObserved data0

Distance

(ft) AP (psi) sMkt- ) APl (tbaa,) f

75 0.537 162 43.6 0.0138

150 0.468 323 38 0.0276
D. Gas Vent, Aerial (from balloon measurements)

Observed data scaled to

'Observed data 1.0kt-t 1 1000 mbar

Distance 0 RsI tt
(ft) AP (psi) (deg) S \kt') Alps (mbar)

190.1 0.614 59 410 49.85

583 0.400 23 1260 32.5

1172.3 0.106 48.5 2520 8.6

aAfter careful coastderation, the authors decided to use solely nonlimited gage meas-

urements in the Pre-Schooner II airblast investigation. Only the nonlimited obser% -

tions are included in tl-e table.
Note that the gas-vert ground level measurements contain only two points, both of

which are very close to SGZ. For this reason, fmax is not well determined. It is cer-
tainly larger than these two elose-in point f-values would indica-te.
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a
Table C13. Buckboard 11, 20-ton chemical explosive, basalt, dry (Ref. 4).

DOB = 25.5 ft dob = 94 ft/ktl/ 3  P0 = 12.3 psi = 848 mbar

Observed data scaled to
Observed data 1.0 kt at P0 = 1000 mbar Data from fitted curve

Distance Rs(t- R [f
ift) Ap (psi) R5 k•t Ps (mbar) k tkt-13) APs (mbar) f /fmax

A. Ground Shock

108 0.406 376 33.1 400 32.7 0.0306 0.753

129.6 0.329 452 26.8 600 21.7 - --

163 0.285 568 23.2 700 18.5 0.0339 0.835

207.6 0.242 723 19.7 1000 12.8 0.0359 0.884

264 0.174 920 14.16 2000 6.3 0.0406 1.0

348.3 0.125 1214 10.18

476.1 0.084 1658 6.84

B. Gas Vent

108 1.39 376 113 300 129 0.0854 0.27

129.6 1.35 452 109.9 600 99.5 0.151 0.478

163 1.28 568 104.2 1000 76 0.213 0.674

207.6 1.08 723 87.9 2000 49 0.316 1.0

264 1.06 920 86.3

348.3 0.827 1214 67.3

476 0.639 1658 52.0

aBuckboard: TNT.
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Table C14. Buckboard 12, 20-ton chemical explosive, basalt, dry (Ref. 4).

DOB =-42.7 ft dob 157,5 ft/ktl/3 P0 = 848 mbar

Observed data scaled o
Observed data 1.0 kt at P 0 = 1000"mbar Data from fitted curve

I ft \/ft \Distance R Rs T3
(ft) AP (psi) S (ktU 3) APS (mbar) S\kt-,) APs (mbar) f f/fmax

A. Ground Shock

110 0.240 383 19.55 400 18 0.0168 0.703

130 0.192 453 15.64 600 12.1 - -

165 0.155 575 12.62 700 10.3 0.0189 0,791

210 0.109 732 8.38 1000 7.35 0.0206 0.862

265 0.108 923 8.80 2000 3.70 0.0239 1.0

350 0.065 1220 5.29

480 0.051 1672 4.15

B. Gas Vent

110 0.361 383 29.4 300 34.2 0.0226 0.34

130 0.302 453 24.6 600 22.1 0.0336 0.505

165 0.277 575 22.54 1000 16.0 0.0448 0.674

210 0.240 732 19.54 2000 10.3 0.0665 1.0

265 0.21 923 17.10

350 0.176 1220 14.32

480 0.142 1672 11.56

83
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Table C15. Buckboaid 13, 20-ton chemical explosive, basalt; Ai'y ýRef. 4L

DOB,= 58.8 ft dob 217 ft/kt1/3 P0 = 848 mbar

Observ ed~data scaled to
Observed data -1.0 kt ýaiP = 10f)O mbar Data from fitted'curve

(ft)~f 3l~'a
(ft) APn (psi) ;i(- Ps (mbar) f5 skt' AP (mbar)

A. Ground Shock

59.6 0.504 ?? 208 41 ?? 600 7.5 0.0114' 0A47

79.5 0.465 ?? 277 37.8 ?? 1000 5.59. 0.0157, 0,65

159.75 0.097 556 7.9 1500 4.4 0;0201 0;83

214.75 0.079 748 6.43

298.5 0.068 1039 5.54 (2 0 0 0 )a (3 . 7 5 )a (0 . 0 2 4 2 )a (1 ,)a

430 0.037 1499 3.01

aExfrapolted to Rs 2000 ft/kt- only. for purposes of normalizing f/fmax.. Values

at 2000 ftjkt'h' are not to be used.

Sa

Table C16. Stagecoach 1, 20-ton chemical explosive, desert alluvium, dry (Ref. 3).

DOB = 80 ft dob = 295 ft/kt1/3 P0 = 12.6 psi =,868 mbar

Observed data scaled to
Observed data 1.0 kt at Po 1000 mbar Data from fitted curve

(ft) AP (psi) s (kt-3 APs (mbar) s ktl- APs (mbar) f f/fmax

A. Ground Shock

M 80 0.092 282 7.32 300 6.7 0.00444 0.658

110 0.0565 388 4.49 600 3.25 0.00494 0.732

160 0M3270 564 2.15 1000 1.9 0.00532 0.788

270 0.0280 952i 2.23 1500 1.23 0.00562 0.833

430 0.0145 1516 1.153 0(60 0 0 )b (1.0

aFor Stagecoach: TNT.

bExtrapolated to Rs 6000 ft/kt1/3 only for purposes of normalizing f/fmax"
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Table'C17. Stagecoaých II, 20,-ton chemical explosive, desert alluvium, dry (Ref. 3).

DOB--17 ft dob = 62.6 -t/kt1 P0 = ý868 mbar

Observed data scaled to
Observeddata 1.0 kt at Pp =!1000 mbar Data from fitted curve

Distance /ft\
Dift), c (psi) T7k79 'AP, (mbar) f its AP, (mbar) f f/fix

A. Ground Sh6ck ,

110' 0.68 388 54.1 0.0488 No fitted data'because there are

160 0.42 564 33.4 0.0472 only two reliable points

270 2.58 ?? (952) (205)? (0.544)??

B. Gas Vent

110 5.15 388 409.5 300 455 A.301 0.350

160 4.37 564 347.5 600 330 0.501 0.583

270 2.82' 952 224.0 1000 224 0.628 0.731

430 1.74 1516 138.4 2000 102 0.658 0.766

700 0.95 2470 75.5 4000 45 0.668 0.778

1600 0.34 5640 27.03 6000 28.8- 0.694 0.808

3000 0.188 10570 14495 10000 16.3 0.724 0.843

4700 0.13 16560 10.34 20000 8.4 0.859 1.0
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'TableC18. Stagecoach III, 20-tonchemical explosive, desert alluvium;, dry (Ref.-,3).
DOB E-F 34 ft dob = 125 ft/ktl/ 3  PO = 86M-mbar

Observed data scaled to,
Observed data 1.0 kt at P0 = 1000 mbar Data from fitted curve

Distanc AP (psi) S'U1).APs (mbar) r' kt~3 APs (mbar) f ff

A. Groufid Shock

110 0.29 388 23.06 300 29.6 0.0196 0.671

160 0.19 564 15.1 600 14 0.0213 0.730

270 0.08 952 6.36 1000 8.2 0.0230 0.788

430 0.06 1516 4.77 3000 2.53 0.0265 0.908

750 0.04 2643 3.18 6000 1.21 0.0292 1.0

1100 0.02 3880 1.59

1600 0.015 5640 1.19

B. Gas Vent

110 0.70 388 55.6 300 62.5 0.0414 0.271

160 0.58 564 46.1 600 44.5 0.0676 0.442

270 0.36 952 28.6 1000 31.1 0.0871 0.569

430 0.26 1516 20.7 2000 16.6 0.107 0.700

750 0.155 2643 12.33 5000 6.35 0.123 0.804

1100 0.104 3880 8.27 10000 3.10 0.138 0.902

1600 0.073 5640 5.80 20000 1.50 0.153 1.0

5020 0.021 17700 1.67
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Table6C,19. Pre!-G6ndola.II4, Phase I,. fourteen chemical explosive devices of 1-ton
Seach in ,fio r6w's, nitr6methr-ne, clay Shale, satur-ated (Ref.. 18).

DOB = 19.5 ft dob = 195.0 ft/ktl/3,(spacing ='7, it) P0 f 9j0 mblar
'Use.n =7 charges in each'row-'overpressures caused'by-dhargesin
,ne row; interrow. spacing = 120 ft =1200 ft/ktl/3; no airblistsrein-
Sf6rcement between rows.

Observed data Observed data scaled to i.0 kt at Pp = 1000 fmbar.

Distance . \..
.ft) - p (psi)- (mbar)- f f

A. ,I to row

93 -0.986 907 73.2 0.183 0.0469

315 0.229 3075 1-7.0- 0.184 '0.0471

B. to row' __

110 0.459 1073 34.1 0.104 0.,064,

320 0.076 3120 5.64 0.062, 0.038ý

aCorrected to single-charge values. The f-values are corrected to single-charge
values using the relations,-

AP (row) = n0 ' 7 AP (single charge) I torow Ground-shock-induced
A? (row) = n0 . 2 5 AP (single charge) 11 to row overpressures

Table C20. Pre-Gondola II, five chemical explosive devices (two of 40 tons and V' :tee
of 20 tons, use mean yield = 28 tons) in a row, riitrometh-ne, clay e" aJe,
saturated medium. Overpressures determined from accurately fitttd,
straight lines published in Ref. 18, after measurements made by Vorthiran.

DOB = 52.6 ft dob = 173`0 ft/ktl/3 (spacing =',0-3-t) P0o 930 mbar

Use n =,5 charges in the row.

Observed data Observed data scaled to 1.0 kt at P0 1000 mbar

Distance R ft f
(ft) AP (psi) (kt1 1 3I A? 5 (mbar) If

SA. I to row

151 Lo 486 74.2 0.0881 0.0286

3020 0.051- 9730 3.78 0.163 0.0529

B. I to row

151 0.65 486 48.2 0.0572 0.0383

3020 0.032 9730 2.375 0.102 0.0682

a Corrected to sing2e-charge values. The f-values are corrected to single-charge

values using the relations:

AP (row) = n0 '7 AP (single charge) I to row Ground-shock-induced

AP (row) = n0 "25 AP (single charge) I[- to-row 1 nwerpressures
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.ab. . 0a1.• 2 Ope•• ratin Jangle scaled.HE tests, "HE-2,andHE-3 buried detonations, 20-
'arid 1.25-.ton chemical explosive (TNT), alluvium, dry.(Ref. 27).

DOP .&t(E2 DOB, =6.8ft(HEý)-

dob 2 21.1 t (HE-2) dob =.63.1 ft/t (IE-3) P0 = 12.6 psi =870 mbar

Observeddta scaled to
-Observed daat 1 PhOklatPo- 1000 mbar Data fromfitted curve-

Distance 3
(ft) P (psi) S(kt-3) APs(Tbar). Skt-13) AP. (mbar

"" A. HE-2 .(20 tons) Gas Vent only

85.5 21.4 300 1700 300 1700 1.125

148 13.4. 520 1063 600 1010 1.535
217 10.1 763, 802 1000 575 1.611

378 5.1 1330 405 2000 238 1.535

512 3•.3 1800 262 3000 141 1.48
1025 L.3,5 3603 107

•B " " B HE-3 (1.25 1ohs) Gas Vent

"28.4 4.2 251 334 300 370 0.245

41 4.2 363 334 600 280 0.425

58.8 3.8 520 302 1000 205 0.575

85.5 3.1, 757 246 2000 98 0.632

148 2.0 13-10 159 5000 32.5 0.630

178 1.4 1575 111

314 0.73 2780 58

542 0.43 4800 34.1

,C. HE-3 Ground Shock, (Front Porch)

28.4 1.2, 251 95.3 300 79 0.0523

41 0.82 363' 65 600 40.7 0.0619

58.8 0.57 520 45.3 1000 25 0.0700

85.5 0.41 757 32.6
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Table C22. Projdct'Trinidad, close-in-airblast measurements fo" all, B-series
(siiigle-charge) experiments;, aluminizedl ammonium nitrate slur-ry explo-
sive (unless-otherwise noted),in sa..ndstone and shale, wet medium (Ref. 11).

Altitude z 6200;ft Approximate ambient pressure Po!0 810 mbar

SObserved dtajscaled to
Observed-data, 1.0 kt at P0' 1000Q ribair

Distance "R t•
(it) A (psi) S(ktl-t/" APs (mbar) f

A. ,Shot-B-4: 1-ton; D6B = 15.9 ft; dob 159 ft/kt1 / 3 .

Ground 350 0.04'4 3260 3.75 0.0434
shock 1000 0.015 9321 1.28 0.0523

2000 0.0063 18642 0.537 0,0502

Gas Vent 350 / 0.322 3260 27.4 0.317

1000 0.101 9321 8.61 0.352

2000 0.0373 18642 3.18 0.298

"_RB. SShot-B-5: 1-ton; DOB 18.6 ft; dob 186.ft/kt 1 13 .

Ground 295 0.057 2750 4.86 0.0459
Shock 810 0.021 7550 1.79 0.0568

1845 0.007 17200 0.596 0.0508

Gas Vent 295 6.088 2750 7.50 0.0708

810 0.0335 7550 2.85 0.0903

1845 0.0123 17 200 1.05 0.0896

C. Shot B-6: 1-ton; DOB 20.9 ft;:dob 209 ft/kt/' 3.

Ground 163 0.0705 1520 6.00 0.0278
Shock 510 0.0260 -4750 2.215 0.0403'

1670 0.0079 15560 0.673 0.0507

Gas Vent 163 0.0556 1520 4.74 0.0220

510 0.0262 4750 2.23 0.0406

1 670 0.0064 15560 0.545 0.0411

D. Shot B-7: 1-ton; DOB 22.6 ft; dob = 226 ft/kt11 3 .

Ground 275 0.04 ? 2560 3.41 ? 0.0294
Shock 1630 0.00d46 15200 0.380 0.0279

Gas Vent 275 0.074 2560 6.30 0.0543

16130 0.0149 15200 1.27 0.0933

E. Shot B-8: 1-ton; DOB - 28.1 ft: dob = 281 ftlkt' 3 .

Ground 140 0.f528 1305 4.50 0.0174
Shock 460 0.0190 4290 1,62 0.0261

835 0.0070 7780 0.596 0.0195
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tble- C22 (continued)

Observed data scaled to
Observed data.- .0 'kt at P = 1000 mbar

•Distanc&
(ift) 4P (psi) stkt/3) APs (mbar) f

Gas Vent 4345 0.895 Q.00346

460 0.0046 4290. 0.392 0.00631

.35 .. ;00133 '7780 . 0.113 0.00371

F". ShotB-1:I 1-ton; 3.Mft above surface; scaled height 38 ft/ktl/ 3.

Gas Vent 724 0.55 6750 46.9

1840 0.225 17150 19.17

3941 0.0615 36750 5.24

10620 0.0112 99000- 0.954

(16350) (0 0 0 6 9 )a 152500 0.588

G. Shot'B-.1I 1-ton; 1.9 ft above surface; scaled height = 19 ft-/kt1 3 .

Gas Vent 759 0.64 7075' 54.6

i663 0.23b 17350 20.0

3952 0.070 36800 5.96

10645 0.0104 99250 0.886

(16375) (0.0057) 1,52600 0.486

H. Shot B-12: 1ýton; at surface.

Gas Vent ý67 5 0.68 6290 58.0

1781 0.274 16600 23.34

387,1 0.0;26/ 36100 7.04

10560 0.0155> 98500 1.32

(16290)Y (0.0073) 151800 0.622

I. Shot B-13: 1-ton; 1.9 ft below surface; dob 19 ft/kt1' 3 .

Gas Vent 792 0.552 7380 47.0

1876 0.34,2 17500 29.i

3,944 0.075 36800 6.39

10655 0.0232 99350 1.376

(26790) (0.006'56) 193700 0.559

j4 Shot B-14: 1-ton; DOB 20.9 ft; dob 209 ft/kt1/ 3 .

Ground 654 ? 6100

Shock 1741 0.0070 16230 0.596 0.0473

3816 0.00225 35560 0.1916 0.0390

Gas Vent 654 0.016 6100 1.364 0.033 5

1741 0,0061 16230 0.520 0.0413

3816 0.00186 35560 0.1585 0.0322
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Table C22 (continued)

Obsezxve-data scaed0 to
Observed datf 1.R/kt aOflt t6P - 1000 mbar

Distance-(ft) 6P .()s •k~t-7ý T7 3Ps (mbar), f

K. Shot B-15: 1ton; DOB =20.9 ft; d•b 209,fftkt 1 3 ,;-14-ln. unsteinmed•hole;.
unstemmed detonation.

First Venting 500 0.123,?? 4660 10.48 ?? 0.187 ?
Peak 500 0.155 4660 13.20 0.235,

1300 0.0456 12100 3.89 0.218;

2238 0.0299 20850 2.55 0.274

2238 0.0294 20850 2.51 0.270

aparentheses indicate long-range values.
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Table C23 Projept'Triiidad, close-in airblast measurements for -all C-series row-
charge rexpeiments;, a uminized ainmoniuni niýiate .lUrry explosive (u, -
less otherwise notdd) in sandstone and shale, wet.medium (Ref. 14i).

Altitude 6200 ft Approximate ambient.pressure P0 •.810 mbar

Observe'd data scaled to.
Observed, data 1.0 kt at P,O = 1001rnibar

Distance AS "
(At) AP (psi) \kt A~ Unibar)

A. Shot C-i: DOB 18 ft; dob 180 ft/ktl- 3 spacing = 32 ft 3320 ft/kti"3 ;
five-charge row; 1-ton-cli rges; 'total yield W = 5 tons.

Ground Shock -

1 to rOW •392 . . 0.128 3650 10.90 0.144

.1525 0.0134 14200 1.14 0.077

3360 0.00842 31300 0.718 0.125

I tOroW 302 0.,093 2810 7.92 0.0765

1000 0.027 9321 2.30 0.0941
3171 __a 29580

Gas Vent
I to row 392 0,181 3650 15.4 0.204

1525 0.029 14200 0.168

3360 0.0164 31300 1.367 0.244

• to row 302 0.152 2810 12.95 0.125

1000 0.051 9321 4.35 0.178

3171 a 29580 -

B. Shot C-2: DOB = 20.4 ft; dob = 204 ft/kti 31; spacing = 25 ft 250 ft/ki"/ 3;

five-chailge row; 1-ton chargesL' W = 5 tons.
Ground Shock

J.to row 400 0.137 3730 1U1.67 0.159

1515 0.0131 14120 1.116 0.07

3360 b 31300 - -

I) to row 500 0.039 4660 3.32 0.0592'

1350 0.010 12590 0.852 0.0499

2985 _C 27800 - -

Gas Vent
I to row 400 0.093 3730 7.92 0.108

1515 0.0142 14120 1.21 0.0814
b

3360 - 31300 --

I to row 500 0.039 4660 3.32 0.0592

1350 0.0115 12590 0.98 0.0574

2985 c 27800 - -
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T "-a16CW(c~htinued)

... 023.(continued) •O •Observed data scale•dto
bserved 300ktat P6 = 1000.mnbazr

- -'Distance, R (~A
- AP--(psi) T7 °. AP6 (mbar), f

C. ShotC-3:"DO6z- .23. 5 ft; dob 23 -ftt/ktl 3 spacing- 18ft'1 ft/kt-I ..... " : sevmn-charge-row;,'.I-ton charges; W.,= 7tonsm. _

to-roýw` ý49. 01.103

Storo4 0.105 3250 8.94 0.103
.J530 0.0175 14250 1.49 0.101

3360 0.0"79 31300- 0.673 0.A 17

]l to row. 46R' 0.039, :4300 3.32, 0.0536,
0 063 5.37, 0.0866

1160 0.0124, 19800 1.057, 0.0516,
0.021 1.79 0.0873

27,91, i0.00,48, ý,26000 0.0572,
0;0067- O.57V1Y 0.0798

Gas Vent
1-to-row 349 t0.052 3250 4.43 0.051

1530,- 0.0133 14250 1.133 A0'077

3360 0.0049 31300 0.418 0.073

Ito row 461 0.,0291 4300 2.480 0.040

1160 0.0114 10800 0.971 0.0474

2791 0.0045 ? 26000 0.383 ? 0.0536 ?

D.ý Shot C-4: 'DOB, 20.4 ft; dob = 204 ft/ktI/3; spacing 25 ft 250 ft/kt1 / 3 ;
fiVe-charge row; 1-ton charges; W = 5,tons; delay 0.05 sec.

Ground Shock
I to row 318 0.032 2960 2.73 0.0282

1525 0.0052 14200 0.443 0.0299

to starting 500 0.023 4660 1.96 0.0349
end of row 2610 0.0031 24300 0.264 0.0340

fl to final 1005 0.0107 9365 0.912 0.0375
end of row 3000 d 28000 - -

Gas Vent
I to row 310 0.104 2960 8.86 0.0914

1525 0.0212 14200 1.806 0.122

*j to starting 500 0.0630 4660 5.36 0.0954

end of row 2610 0.0129 24300 1.10 0.142

'f to final 1005 0.0399 9365 3.40 0.140
end of row 3000 -d 28000 - -

E. Shot C-5: D01 2(..4 ft; dob - 204 ft/kt1 / 3 " spacing = 25 ft = 250 ft/kt
five-cha~rgexow; 1-ton charges; W = 5 tons; delay = 0.025 sec.

Ground Shock
I to row 400 0.024 3730 2.044 0.0279

153 5 0.0070 14300 0.596 0.0408
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.,Te.bl6n023 (continued)

Ob~ived ataObserVbd' datat scal'6d'to
________________ 1..k tP0.-'1000 mbar

Distancei RSOt () ýP psi) s "t7 APs (mbar) f

Ilto starihg .500 0.0183 4660 1.56 0.0278
•endof row 2430 0;0054 22630 0.46 0.0544

tIto~final 595 0.044 5540 3:75 0.082

"enof row 1185 0.0258 11050 2.20 0.110

"'d Gas Vent
-t'o rw 400 0.047 3730 4.00 0.0546

1535 0.014 14300 1.193 0.0816
II to starting 500 0.0346,. 4660 2.95, 0.0525,

e,.d of roW 0.02ý9 2.47 0.0439
2430 0.0089, '22630 0.748, 0.0897,

0.0072 0.614 0.0727-
jk! to final 595 0.042 5540 3.58 0.0784

!Iiend-2r~o -1185 0.0274 11050' 2,335 0.117

F. Shot C-6: DoB 20.4 ft;,dob 204 ft/kt 1 i 3 ; spacing 25 ft = 250 ft/kt/ 3 ten-
chlrge double row; 1-ton charges; 39 ft.between rows; separate contribu-

* tiohs from each row not identifiable (use n = 10 charges in the reductions).

Ground Shock,
I to row 485 0.160 ?? 4520 13.63 0.234

1110 11041 10350 3.49 0.162

2720 -0.-0203. 25340 1.73 0.235

to row, 428 '0.080 3990 6.82 0.100

169(0 0.0211 15750 1.80 0.138

3100 "0092 34500 0.784 0.154

Gas Vent
I to row 485 0.S03 ?? 4520 25.3 0.444,

1110, 0.098, 10350 8.35, 0.387,
0.051 4.35 0.201

2720 0.048, 25340 4.09, 0.556,
0.028 2.39 0.325

fl to row 428 0.147, 3990 12.5, 0.184,
"0.152 13.0 0.191

1690 0.0326, 15 2.79, 0.214,
0.0476 4.05 0.311

3700 0.0158, 34500 1.35, 0.265,
0.0203 1.73 0.340

aTransmitter drift.

SbRecord noisy.

CRecord lost.

d-o signal.
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r.
TahC24. Project Tr~iidad, close•-in. irblast- nieasuremernts for at!.D~series~row,

charge 'experiints; aluminize-d',-+mdnium nitrate slurry-expl6sive (un-
less ~theiwse noted) in sandstone and shale, wet medium (Ref. 1f).
Altitude i 6200 ft Approximate ambient pi-essures P0 s 810 inbar

-Observed data scaledto
SOb~erved data 1.0 kt at Pp- 1000 mbar

Distance R f - 3)
(it) AP (psi) 7 4P., (mbar) f

A. Shof'D-1: ANFO (ammofiium nitrate fuel oil) explosive; nine-charge row; menan
yield = 0.545•otns; total yield W = 4.9 tons; mea, n db = 239 t/ktl/3
weighted b- individual charge yields; meanmspacing = 159 ft/ktl/ 3

weighted by individual yieldsa

Ground Shock
I to row uphill 843 0.084 9620 7.-16 0.303

1482 0.0227 16900 1.935 0.161

I to row downhill 770 0.076 8780 6.48 0.246

1900 0.0123 21700 1.09 0.123

fl to row 700 0.0232 7990 1i976 0.0672

3280 0.0048 37400 0.409 0.0886

Gas Vent
.I to row uphill 843 0.005 9620 0.426 0.0181

1482 0.0013 16900 0.111 0.0093

I to row downhill 770 0.002 8780 0.170 0.0065
900 0.001 21700 0.085 0.0096

]!to row 700 0.0047 7990 0.401 0,0136

3280 0.00'.,3 37400 0.111 0.0240

B. Shot D-2: DOB 17.7 it; dob = 177 ft/ktl/ 3; spacing = 32 ft : 320 ft/kt /3 five-
charge row; 1-ton charges; W = 5 tons.

Ground Shock
I to row 1000 0.0606 9321 5.16 0.211

3210 0.0197 29900 1.68 0.278

I to row 1020 0.0460 9510 3.92 0.164

2240 0.0170 20900' 1.45 0.156

3740 0.0128 34900 1.09 0.217

Gas Vent
I to row 1000 0.179 9321 15.25 0.624

3210 0.0411 29900 3.50 0.579

lto row 1020 0.0350 9510 2.98- 0.125

2240 0.0135 20900 1.15 0.124

3740 0.00884 34900 0.753 0.150
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"Table.C24 (c6ntinued)

b..... da 't Obserived data scaled to

bsdrved data -1.0, ktat P 0 _=1000mbar

Distance"
Mft) AP (psi) s\kt APs (mbar) f

C. Shot D-3: One-ton rowy:, DOB: = 19.1 ft; dob 191 ft/kt 1 3 ; spacing = 35 It -= 350 ft/
ktl)/3. 'Two-toh row: DOB'= 24.4 ft; dob = 194 ft/ktl/ 3 ; spaci-g =35 ft
= 278 ft/ktl/3. Twelve-charge,,cdouble row; six 1-t~i. charges plus six,
2-ton charges; 40-ft separation and0.25-sec'dela between'rows; no
airblast reinforcement; 'analyze each row, separately.

Ground Shock (1-ton row),

ito row 1000 0.05 9321 4.26 0.474

32110" 0.0156 29900 M.3• 0.220

JJt9 'row, 720 '0.0195 6710 .1.66 0:046

"" 2220 0.0067 20700 0.571 0.061

3815 0.00328 35550 0.279 0.057

Gas -Vent, (1-ton row)
J. to row, 1000' -0.0653 9321 5.56 0.228

3210 0.0210, 29900 1.79 0.296

fl to row 720 .0.0526 67-10 4.48 0.123
2220 )i.01 20700 " 1.576 0.168

,3815 0;0088 35550 0.750 0.153

Ground Shock (2-ton row), b
I to row 1000 -740

i, 3216 - 23750

fl to Lov, 720 0.0441 %5330 3.76 0.0785
'2220 0.0186 16430 1.585 0.128

3815 0.00938' 28200 0.799 0. 123,
Gas Vent (2-ton row) \-

I to row 1Q00 0.0579 7400 4.93 0.153

3210 0.0235 23750 2.00 d.251

" to row 720 0.0498 5330 4.24 0.0885

2220 0.0203 16430 1.73 0.139

\3815 0.01035 28200 0.882 0.136

aThis weighting was, used to overemphasize the larger yield charges but has little
effect on\the reductions. Weighting is not normally used in most predlctionprocedureg.

b Unidentifiable-coincides with first negative phase from 1-ton row.
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Table,&C25. Neptunei 0.115-kt nucleair9 tuff and conglomerate, wet (Ref. 28).

DOB = 105ft dob = 216 ft/ktl/3 P 0 = 850,mbar

1Observed data scaled to I
Obser~ed data 1.0,.kt at P0 = 1000Qmbar

Distan'ce I •_ft_
(ft) AP (mbar) R8 I Skt-3;) APs (mbar) f

3500 '0_672 6820 0.79 0.0222

-7
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Table C26. Distant Plain Events 3 and-5, TNT surface bursts.

Observed data scaled
Observed data, 1.0 kt at P 0 = 1000 mbar

Distance
(ft) AP (psi) s\kt F) AP(mbar)

A. Dietant Plain, Event 3, 20-ton dhemical explosive (TNT) surface burst cha-ge, in
shape of sphere half-buried at •urface (P 0 = 13.64 psi = 941 mbar) (Ref. 29).

Surface Bursti 8 5500 28.9 }O3,00

(final fittedtcurve; use these
values) 20 J330 72.2 97\,600

24.8 955 89.6 70;O00

35 600 126.3 44,000

40 510 144.4 37,400

60 •305 216.7 22,380

100 130 361 9,540

150 52 542 3,815

200 24.8 722 1,819

250 14.6 903 1,070

300 9.7 1084 712

500 4.0 1805 293

S700 2.46 2529 180.5

1000 1.42 3610 104.1

1500 0.78 5420 57.;

2000 0.51 7220 37.4

3000 0.248 10840 18.1

(sample Canadianpressure 106 79 383 5,800
gage results-for corn- 114 70 412 5,138
parison only-use the
above table for better 120 75 433 5,500
numbers) 133 77 480 5,645

145 53 524 3,890

169 50 610 3,670

(sample figures only-use 200 23 722 1,686
the previous table for
more accurate values 291 10.2 1050 748

420 6.6 1515 484

B. Distant Plain, Event 5, 20-ton chemical explosive (TNT) sphere half buried, same
configuration as Event 3 above except shot occurred during winter in frozen ground
(ambient pressure P 0 = 13.51 psi = 932 mbar) (Ref. 29).

All results were closely comparable to Event 3, except for one section of the curve,
which was slightly higher. Points from this section of the curve are given below:

Surface Burst Fitted Curve 24.8 1351 89.3 100,000

35 756 126 56,000
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Table.'C27. 6Al •afN.ll:l4- !iad••tSuNe•os ,ch~o°wih:a

.ObsbivedLdatd,.sealed to
Observeddata-," .13 -tt>P.} ',1000 m; b ar

Distande :.:,-_ -•"DitanceP (psi) -. . J . .. s (mbar)

.A. A, Event C(. Sur4fce&Burtt ................. ____

50 184? ý63 2500 ?
105 600o ? ';I 69000 ?
175 430 ? 220 29700 ?

250 178 3155 12280

355 83 447 5720

570 30.8 718 2125'

957 12.8 1205 884
1738 3.6 2190 248

2568' 2.45 3235 169

F, Event D, Surface Burst .....

30 1662 ? 38 i14600 ?

50 1470 ? 63 101500 ?

175 370 ? 220 25500 ?

250 220 2.15 15200

355 87 447 6000

570 31 718 2140

957 12 1205 828

2568 2.1 3235 145

4760 0.69 6000 47.6

9000 0.24 11340 16.6
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Table C28. -Sailor Hat.No. 5.2a, three separate surface shots, each of which was 500-
tonichemical expiosive ch6rge (TNT), in shape of hemisphere at ground
surface (Refs. 30,31).

(P 1000 mbar)

Observed data scaled to
Observed data 1.0 kt at P0 = 1000 riibar

/ftDistance Rs'/'f (b
(ft) AP (psi) bar)

A. Etvent B,. Surface Burst (gages at groundlevel)

980 10.3 1235 711

1450 4.78 1825 330

2290 2.49 2890 172

4460 1.11 5620 76.6

B. Event B, Elevated Gages, Balloon-Supported

1475 4.8 1860 331

1530 4.2 1930 290
1710 3.4 2150 235

1760 3.6 2220, 248

1920 3.5 2420 241

2360 2.3 2970 15.9

2430 2.2 3060 152
2500 2.14 3150 148

2580 2.04 3250 141

C. Event C, Surface Burst

957 10.8 1205 746

1738 3.6 2190 248

2568 2.18 3240 150

D. Event D, Surface Burst

957 10.7 1205 738

1738 2.54 2190 244

'2568 1.92 3240 132
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aTable Cg';9' Prairie Flat, 50tnceia xlsv TT hrci di fshie
tangent t'o groundi0fefs.; 32, 33).

P0' 13.79 -~ 95T mbar

Oboerve 'd data ' sealedtol
"kObserved data, 1,40 kt at P0 -= 1100.Q.rtnbar'[ ~ ~Distance ( t

A(t P (psi). Tsktj W' tAP' (mibar),

A. -Sraebure.-i4 itd uý~

20 '00/24'.3 4350600

30 .3450 '3-6'.5 '250000

6,240C, 73 174000

100 1,310- 12-1.-6 95000:

200 7 50' 243.2 5440Q

400 175, 486.5 12700
500 75 608 5440

700 15.t7 852 1140

1000 7.9 1216 572

2000 2.88 2432 209
3000 1.40 3650 101.5

4000 0.84 4865 60.9

a All results are questionable due to the presence of several fireball anomalies.
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table C36. ANFýO surface burst overpressure dataý (ABTOAD, smhoothed, and fitted
points), hemispherical charge, (Ref. 34).

SP 0 f,935 mbar

Observ•addata scaled to
-• Observed data 1.0 kt ajP0 1000,tmbar

Distance R
'(ft) AP (psi) k kt1 "3  APs (mbar)

A.*- 20-ton Surface Burst, 'first shot

52.4 429 189 31700

85.0 179 306 13200
105.5 116 380 8560

208.6 22.8 751 1680

"522.0 3.81 1880 281

825.8 1.83 2970 135
1090.0 1.18 3925 87.1
2463 0.262 8870 19.3

B. 20-ton Surface Burst, second shot

52.5 386.6 189 28500

79.2 193.9 285 14300

105.3 110.7 379 8170

519.1 3.85 1870 284

817.9 2.02 2945 149

1093 1.32 3935 97.4

2491 0.33 8960 24.4

C. 100-ton Surface Burst

52.4 945 110.4 69800

91.2 444 192 32800

515.7 9.14 1086 674

800.0 4.05 1685 299

1000.7 2.71 2108 200

1995 0.737 4200 54.4

I12
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Table C31. Sample p-oints selected from, iBM Problem ,MCurveaO

(Refs. 35, 36).
.(Nuclear free-air burst-only)

P0  1,000 mbar ambient,-pressure
T, 0  300oKItemper aturep

CO 11339 ft/sec sonic•velocity

R, m scaled range, in~ft/ktl/:3
m4Pm IBM curve overpressuir'e, inimbdir

•ft

Rm( -- ) 4Pm (mnar)

9000 254
5000 ý'•4

2000 176

1:0 262

1000, 491
800 731

600 1,310

500 1,930

400 3,070

300 6,210

200 10,8003
120 71,000

aýt distances greater than 9000 ft/
ktl/3 the IBM Problem M Curve de-
creases as R-1.2.
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